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Abstract

My PhD research focused on investigating novel strategies to achieve faster, cost-
effective and sustainable synthesis of bioactive molecules, driven by the strong interest

in this area shared by academia and industry.

The first part is dedicated to palladium-catalysed cross-coupling reactions, as
these represent an important tool to face the increasing complexity of active
pharmaceutical ingredients (APIs) and the need for rapid processes. In particular, since
it is possible to develop efficient processes by fine-tuning the conditions for a specific
Pd-catalysed reaction, we have investigated in detail the copper free Heck-Cassar-
Sonogashira (HCS) reaction mechanism. In fact, despite its wide application and huge
success, the mechanism was still under discussion. Experimental results and theoretical
calculations were helpful in shedding light on the preferred pathway. In addition, a
complete guide to the efficient in situ activation of the L.PdX: pre-catalyst was presented,
as this was not yet available. The study was driven by the need to thoroughly understand
the Pd(II) pre-catalyst reduction process in order to avoid excess reagents, save precious
ligands, use lower temperatures and make the reduction faster. Pd(OAc): and
Pd(ACN)Cl2 were chosen as pre-catalysts and the reduction process was monitored by
3P NMR in the presence of different ligands such as PPhs, dppf, dppp, Xantphos and
SPhos in different solvents and temperatures. Finally, a sustainable approach was
described for Heck-Cassar and Suzuki-Miyaura reactions in the presence of aryl
chlorides, which are the less expensive and available aryl halides. The strategy
developed was also applied to the synthesis of two fungicides such as Boscalid and

Fluxapyroxad.

The second part describes the development of green methodologies for peptide
synthesis and the design of potential new antimicrobial peptides for intestinal diseases.
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The peptide therapeutics market is estimated to be worth $43.30 billion in 2024 and is
expected to reach $60.90 billion by 2029. These data are representative of the significant
success of peptides. Specifically, the peptide-based drugs rank third behind small
molecules and monoclonal antibodies. For this reason, the availability of efficient and
environmentally friendly protocols for peptide synthesis is required.

In this scenario, we have investigated cyclic propylphosphonic anhydride (T3P®)
and demonstrated its ability to replace the classical and hazardous coupling reagents in
LPPS and SolPPS. In addition, these new protocols have been applied to the synthesis of
potential new antimicrobial peptides (AMPs). Since most antibiotics on the market affect
both harmful and beneficial bacteria, such as bifidobacteria, our goal was to design an
antimicrobial peptide capable of selectively acting on pathogenic bacteria to treat
intestinal diseases. In pursuit of this goal, a small library was generated and biological

data were collected.

The third part of the research was carried out at the University of Oxford under
the supervision of Professor Véronique Gouverneur.

Fluorinated compounds are widely used in the agrochemical and pharmaceutical
sectors as the incorporation of fluorine modifies the physicochemical and biological
properties of bioactive molecules. In particular, I focused on the development of catalytic
enantioselective fluorination strategies of neutral electrophiles with KF, allowing the

avoidance of expensive reagents.
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CHAPTER 1

CHAPTER

General Introduction

1.1. Overview of bioactive molecule synthesis

Bioactive molecules are chemical substances that interact with biological systems to elicit
specific biological responses. With a focus on pharmaceuticals, they are mainly small
molecules, monoclonal antibodies (mAbs), peptides and proteins, oligonucleotides and
natural products. A total of 370 new drugs were approved by the U.S. Food and Drug
Administration (FDA) between 2016 and 2023. As shown in Figure 1, small molecules
account for the largest share (45.7%), followed by mAbs and peptides. Therefore,
focusing on the development of effective and alternative strategies for the synthesis of
small molecules and peptides can have a significant impact on the pharmaceutical
outlook.

Natural Amino Acids

products Antibody-drug conjugates

Combined Drugs

Peptides

Small Molecules

Oligonucleotides

Enzymes &
Proteins

Others

Figure 1. A total of 370 new drugs were approved by the FDA between 2016 and 20231,



CHAPTER 1

Active pharmaceutical ingredients (APIs) are characterised by increasing
complexity, and palladium-catalysed cross-coupling reactions are key reactions for the
synthesis of complex architectures. On the other hand, fluorine is widely used in
medicinal to improve the pharmacological profile in terms of metabolic stability,
permeation and biological activity. These technologies need to be sustainable and, in this
context, we have studied cross-coupling reactions, fluorochemistry and peptide
synthesis.

Transition metal-catalysed cross-couplings have become a reliable and
indispensable tool in the synthesis of pharmaceuticals and agrochemicals. In particular,
palladium has become the metal of choice because it allows low loadings compared to
other metals such as Cu, Ni and Fe, promotes reactions with less reactive substrates (e.g.
aryl chlorides) and often provides high turnover numbers (TONs), which is essential for
large-scale applications>?! (Figure 2).

CONHMe
Mizoroki-Heck

CONHMe Pd(OAc); (5 mol%)

Y~ )
B ——
y s
N/N . N X P(o-tolyl); (13 mol%)
N N LiBr, NMP, 110°C, 28h
Axitinib (Inlyta)

VEGFR and kinase inhibitor. It is used for the treatment of
renal cell carcinoma after failure of one prior systemic therapy

OPh

NH H

2 ) oPh Suzuki-Miyaura 2
Xr\ X

| N, Pd,dbag, CysP ‘ N
N/ N —_— pZ N N
B(OH), /
Ibrutinib (Imbruvica)

B N N Protein kinase inhibitor. Anticancer drug

oc Boc

Suzuki-Miyaura

N=
y — Pd(PPh:.
N/ =\ N o N( 3)4
/ 2,C03 HO
Ho \ _ v P ) _ "8 | Ho —
)<\O Br o) dioxane, 85°C
(o]
F = ~
|
N
Selpercatinib (Retevmo®)
Receptor tyrosine kinase inhibitor (RET). Used to treat some lung,
thyroid, and other solid tumors that have RET alterations
Sonogashira-Hagihara
_~_CO,Et _~_CO,Et
CO,Et Pd(PPhs),Cl | |
Cul TEA, // N é N
DMF 50°C
ﬁ S
(0] Tazarotene (Zorac®)

It is selective for two types of retinoic acid receptors,
RAR-y and RAR-B. Used to treat certain skin condition (e.g. psoriasis)

Heck-Cassar
Pd(OAc),, P(p-tol)3
HCI
DBU NH
~
T TR eoc K)t@i o
NS
N

A~_O0

Erlotinib
Epidermal growth factor receptor inhibitor (EGFR). Used to treat non-
small cell lung cancer and pancreatic cancer

Figure 2. Examples of palladium-catalysed cross-coupling reactions in API synthesis from the literaturel?-I,
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Although small molecules represent the majority of protein-targeting agents for
therapeutic purposes, amino acids and peptides represents a promising area of
investigation. Indeed, protein-protein interactions (PPIs) are critical mediators of
signalling and play a key role in the progression of several pathological conditions. As
large protein surfaces are challenging as therapeutic targets, peptide-based drugs have
attracted increasing attention®. The site-selective derivatisation of amino acids and
peptides represents an attractive field with potential applications in the establishment of
structure—activity relationships and the labelling of bioactive compounds. In this respect,
Pd-catalysed reactions provide valuable tools for the synthesis of peptide-based
therapeutics and pharmacological probes by incorporation of unnatural amino acids or
late-stage modification!'l. Many efforts have been made in this field, among which Liu
et al.l"l reported a palladium(Il)-catalysed selective C(sp®)-H alkynylation of inactivated
side-chains oligopeptides with alkyne coupling partners. Ketones, including biologically
active coprostanol, estradiol and fatty acids, can be covalently attached to peptides using
this approach (Figure 3a). Ali et al.l?l conjugated the phtalocyanines as fluorescent
and/or positron emission tomography (PET) probes to peptides moieties using
Sonogashira, Buchwald-Hartwig and Suzuki-Miyaura reactions (Figure 3b). In 2015,
Buchwald and Pentelute’s groups documented that palladium(Il) oxidative addition
(OA) complexes can be used for efficient and highly selective cysteine bioconjugation
reaction!’®. More recently, in 2022, they also demonstrated a complementary approach
in which a palladium-peptide OA complex can bind a wide range of external

nucleophiles!™! (Figure 3c).
O

X
o Pdl RHN-| aaq ~ aap — aay 4
At OH
CH activation
a) RHN-| aa; — aa; — aag 44 + “‘ —_— Late-stage modification
OH
) pharmacophore 4
H pharmacophore
\v‘ \VJ
{ P9, {
b)  RHN-( 283 }—N 7O aay -COOEt + Ny CrossCouplingreaction - aay —n > aa; ~COOEt Unnatural a.a.
H 0] H (¢]
X L,Pd-X SR
0 0 P
Pd - . .
c) H,N-| aa; — aa; — aag 44 L, HoN-{ aa ~ aap — a3 44 + R-SH —— > H,N-| aay — aa; — aa; 44 Bioconjugation
OR OR OR

R=peptides, proteins,
small molecules

Figure 3. General examples of the use of Pd catalysis as a tool for peptide modification.

Furthermore, fluorination chemistry is a useful approach to change
physicochemical and biological properties of bioactive molecules. There has also been a
significant increase in interest in the synthesis of '®F-labelled molecules as tracers in
PETU. Many efforts have been made to develop new fluorination strategies, and in
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particular the fluorination of peptides and proteins has received increasing attention
(Figure 4)1tel,

a) Zhang 2016 b) Gouverneur 2020
Py OH OH
[x ~F CFy'"°F
~_-OMe
BocHN™
o e =D D—co.- e We YWe YIS
Tyrosine HoN- co, HyN co;
J O O COMe H -CF,"®F H
Py N — BFF,C N
_~_B(OH), Yy N Bn \ 1
Yy o &n Pd] I T ¥ H
)J\ )\ co [
* A OMe
A.__OMe BrF,C N CO;Me BocHN™
BocHN™ ™ H 5 *HaN— — - —COy FHaN— — - —COy
o

Figure 4. Examples of difluoro dipeptide synthesis!'”l (a) and direct '*F-trifluoromethylation of peptidel'®! (b).

As companies increasingly prioritise sustainability in their products and supply
chains, the environmental impact of pharmaceutical manufacturing has become a focus
of the scientific community. However, there are still significant economic, regulatory and
technical barriers to the full adoption of green chemistry practices in the pharmaceutical
industry. In addition, there are specific limitations in the pharmaceutical sector due to
the fact that any change to the synthesis process for an active pharmaceutical ingredient
becomes more complex as the drug progresses through development, with more
stringent regulatory requirements at each stage. In addition, process changes closer to
the final stages of manufacture have a greater potential impact on the quality of the
APIL,

As a result, the API processes developed by pharmaceutical companies to date,
do not always reflect the best possible molecular assembly strategies. In this scenario, it
is therefore crucial to explore alternative approaches, taking into account multiple
factors and finding the right balance to make these processes viable for industrial

application.

1.2. Palladium catalysed cross-coupling reactions

Palladium catalysed cross-coupling reactions, as mentioned above, have become a
central tool for the synthesis of bioactive compounds both in academia and industry
field®#20. The main reasons for the success of these reactions are that they are very
flexible and selective in terms of substrates, solvents, catalysts and reaction conditions!?!l.
These reactions were first discovered in the 1970s and reached their peak in 2010 when
Richard Heck, Ei-ichi Negishil??l and Akira Suzuki®! were awarded the Nobel Prize for
their work in this field.

These reactions are distinguished on the basis of the nucleophile used, but it is
possible to define a generally accepted mechanism (Figure 5). The catalytic cycle begins
with the oxidative addition (OA) of the aryl halide to the active L.Pd(0) species, which is
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usually obtained by reduction of a more stable pre-catalyst. In C-C cross couplings
involving a metallic reagent, the transmetalation (TM) step occurs, leading to the
reductive elimination complex R'Pd(II)LnR? which produces the final product (Figure 5,
left cycle). Instead, the Mizoroki-Heck coupling?!! goes through the alkene coordination
to the Pd(II) species followed by a syn-migratory insertion. Syn B-hydride elimination
then occurs to form the alkene product and, in the presence of a base, the active L.Pd(0)
species is regenerated (Figure 5, right cycle). A review of the literature on the most
important cross-coupling reactions shows how the interest in palladium-catalysed cross-
coupling reactions has grown over time (Figure 6).

R2-M R-R?
1 Pd catalyst
R'-X + or or
1
R/X R/\/ R
R'-R? R R+ HX
Reductive mR /N/ R!
Elimination ,;'
PdOLn LnPfIJ“—X
R N H
i Oxidative | o1 y '
LnPd Addition < Syn-B hydride
SR2 elimination
R!

~ L.XPd" H
LoPd
n ~ R>—<Rﬂ

Transmetallation X Syn-migratory

" \"’S;TM
RZ%M RS
Negishi (M=ZnR) Mizoroki-Heck

Suzuki-Miyaura (M=B(OH), or B(OR),
Sonogashira-Hagihara (M=Cu)
Hiyama (M=SiR3)
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CHAPTER 1

In this context, the study and the application of new sustainable approaches has
become even and even more important. To pursuit this goal, the reaction design must be
guided by the 12 principles of green chemistry?’l, which highlight the need for safe,
simple, and environmentally friendly methods. However, even though catalysis is the
number 9 on the list, it would be a mistake to think that all catalysis is green?l. In fact, it
is necessary to take a more holistic view of the whole process considering the metal, the
ligands, the solvent, the reduction process, the reagents and the reaction conditions.

Palladium is the most widely used and studied metal in cross-coupling reactions
due to its high reactivity, selectivity and versatility in terms of ligand compatibility. It is
one of the ninth rarest metals and is an expensive metal (price updated on 28 October
2024 is 1120 USD/t.0z?1 or 36 USD/g). Demand in the palladium market is dominated
by its extensive use in automotive emission control for catalytic convertersi?], but as our
society is moving away from the fossil fuel, it is possible to forecast a decline in
palladium demand and cost in the next decade (Figure 7). However, to avoid being to
dependant on this expansive and rare metal, many works have been published
promoting the use of earth-abundant metals (EAMs), such as Nil?*31, Cul®>*I and Col*>-
¥, In addition, these metals are considered as valid alternatives to the heavy metals,
which are typically considered to be more toxic. Seemingly, these reasons should be
enough to justify the move towards EAMs and away from the widely used palladium.
However, the cost and the earth metal abundance are not the only parameters to take
into account®l. In fact, many parameters need to be considered to have a general
overview, including catalyst loading, catalyst recycle, functional group tolerance and the
selectivity. Compared to nickel, palladium allows lower catalyst loadings, higher
functional group tolerance and is more selectivel*’.. In addition, a deeper analysis of what
is meant by “toxicity” is needed. Egorova et al.*) have shown that there is no single
parameter to describe the general toxicity of a metal, but it is a result of multi-parameter
effects that strongly depend on the route of exposure, bioavailability, solubility, valence
state, dose, etc. Comparison of the toxicological data indicates that light metals do not
always have obvious advantages over heavy metals. Furthermore, in terms of cost, it has
been pointed out that the use of cheap catalysts can be associated with the use of toxic
waste, which can have a significant impact on overall cost effectiveness.

The metal and ligands contamination is another important parameter that has to
be considered, especially for pharmaceutical applications, since the International
Conference of Harmonization Guidelines Q3D (ICH Q3D) set very low limits for
elemental impurities in medicines (e.g. 10 ppm per day per dose is allowable for Pd2s).
Contamination of APIs from palladium-catalysed reactions can result not only from API-
metal and API-adsorbent binding, but also from the strong interactions of palladium
with its ligands. As a result of these stabilising effects, it is possible for the Pd to remain
in the solution rather than being adsorbed®!. To overcome this problem, 'ligand-less'

palladium systems have been developed?, although the main drawbacks of these
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processes are the formation of inactive 'Pd black' and the need for ligands, particularly
bulky and electron-rich monophosphines, for challenging substrates/®l.

a. Ten-year palladium price trend
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Figure 7. a) Palladium price trend over ten years. b) Palladium market demand (values taken from Johnson
Matthey website(8).

Many efforts have been made to develop alternative protocols with low
palladium loadings and that allow the metal separation/removal from the final product.
Lipshutz and co-workers®] reported Suzuki-Miyaura reactions using a micellar method
with water and tetrahydrofuran (THF) as co-solvent and TPGS-750-M as surfactant.
These micelles, with a hydrophilic exterior and a hydrophobic interior*, with the
development of suitable ligands such as HandaPhos, allowed Pd loadings often as low
as 300 ppm. These significantly reduced loadings translate into much lower residual
palladium levels in the final product. This method also simplifies product purification,

as the products, which are often solids, precipitate from the aqueous solution as they
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form. This "self-recrystallisation” process eliminates the need for extraction and
simplifies purification to simple filtration. Our group has also developed a strategy to
reduce the metal contamination in Heck-Cassar-Sonogashira reactions. Fantoni et al.[*’]
performed the couplings in N-hydroxyethylpyrrolidone (HEP)/water mixture as solvent
with N,N,N’,N’-tetramethyl guanidine (TMG) as base and sulfonated phosphine ligand,
such as sodium 2'-dicyclohexylphosphino-2,6-dimethoxy-1,1"-biphenyl-3-sulfonate
(sSPhos)#l. This protocol ensured no metal contamination, as HEP has a very high
affinity for water and the HEP/water ratio of 8/2 allows efficient extraction of the final
product with an immiscible solvent, leaving metal residues in the HEP/water mixture.
To develop greener protocols for palladium catalysed reactions, the solvents
must be considered since they represent c.a. 80-90% of waste in the pharmaceutical
industry*#l. N,N-Dimethylformamide (DMF) is widely used in Pd cross-coupling
reactions as it can dissolve most organic compounds and many inorganic salts to some
extent. The boiling point of DMF is 153°C, which is high enough to enhance reaction
rates, but also recoverable by distillation. However, DMF with also N,N-dimethyl
acetamide (DMAc) and N-methyl pyrrolidone (NMP) are reprotoxic solvents and they
are under restriction®#1. In particular, the use of DMF in industry has been severely
restricted since December 20231 and its replacement has therefore been considered
"advisable or requested" by the ACS Green Chemistry Institute® Pharmaceutical Round
Table (GCIPR), which defined this goal as one of the hot topics in the list of 12 Green
Chemistry Key Research Areas (KRAs)P. In Figure 8 are shown the main solvents used
in palladium cross-coupling reactions reporting their hazards. In this context, the
investigation of alternative solvents becomes mandatory, and GSK has developed a
solvent selection guide based on waste, health, safety, environmental and life cycle

impacts to guide solvent selection®'l.

1,4~

MeCN DMF DMAe NMP Diethyl ether THF Dioxane Ethanol Toluene
H302 H312 H312 H315 H302 H302 H319 H319 H315
H312 H319 H319 H319 H336 H319 H335 H336
H319 H332 H332 H335 H335
H332
Not considered Not considered

@ flammable flammable @ @
H225 H226 H224 H225 H225 H225 H225
No chronic No chronic No chronic
toxicity hazard @ @ @ toxicity hazard @ toxicity hazard

H360D H360D H360D H351 H351 H304

H361D

H373

H224: Extremely flammable liquid and vapour; H225: Highly flammable liquid and vapour; H226: Flammable liquid and vapour; H302: Harmful
if swallowed; H304: May be fatal if swallowed and enters airways; H312: Harmful in contact with skin; H315: Causes skin irritation; H319: Causes
serious eye irritation; H332: Harmful if inhaled; H335: May cause respiratory irritation; H336: May cause drowsiness or dizziness; H351:
Suspected of causing cancer; H360D: May damage the unborn child; H361D: Suspected of damaging the unborn child; H373: May cause damage
to organs through prolonged or repeated exposure.

Figure 8. The hazards of solvents commonly used in cross-coupling reactions from the literaturel>l.
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The alternative solvent should ideally be non-toxic and non-hazardous and
should not be released into the environment. Removal of residual solvents from products
is usually by evaporation or distillation, so commonly used solvents tend to be highly
volatile. However, spillage and evaporation contribute to air pollution, a significant
global environmental problem, and worker exposure to volatile organic compounds
(VOCs) poses serious health risks!®I.

Many efforts have been made to find more environmentally friendly solvents,
some of which are shown in Figure 9. Among them, y-valerolactone (GVL), which is a
bio-based cyclic ester, was used by Vaccaro and co-workers> to perform a Sonogashira
coupling with DABCO as base using 0.5 mol% of palladium on charcoal
Dihydrolevoglucosenone (Cyrene™) has also been studied as a bio-based solvent in
Sonogashira reaction with 2 mol% of Pd(PPhs):Cl, 4 mol% Cul and triethylamine
(TEA)>! as base and in Suzuki-Miyaura coupling in water mixture with 4 mol% of
Pd(dppf)Cl2 or Pd(OAc)z, SPhos and Cs2COs as basel®l. Capriati et al.>*! developed a
protocol to perform direct and fast Pd-catalysed C-C cross-coupling reactions between
organolithium and various (hetero)aryl halides at rt, with NaCl as an additive in water.
Considering properties of NMP, our group investigated the capability of longer N-
alkylpyrrolidones since they are safe solvents also used as surfactants in cosmetic
formulations®”. Ferrazzano et al.*®l found that HEP was the best among this category of
solvents to perform the Sonogashira reactions using 2 mol% of Pd(PPhs).Clz, 1 mol% Cul
and TMG as basel?l.

Structures of some green solvents used in cross-coupling reactions
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Figure 9. Structures of some green solvents used in cross-coupling reactions

Another important tool to avoid hazardous and VOCs solvents are the Deep

Eutectic Solvents (DESs)®Il. DESs typically consist of two or three safe, bio-based and
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cost-effective components that interact through hydrogen-bond interactions to form an
eutectic mixture. This mixture has a melting point lower than that of the individual
components as a result of self-association between them. Those are typically prepared
by mixing and gently heating a quaternary ammonium salt, such as choline chloride
(ChCl), with a neutral hydrogen-bond donor, such as glycerol (Gly), in a specific molar
ratio. DESs have also attractive properties, such as non-flammability, recyclability, low
vapour pressure and are environmentally friendlyl®®¢l. In 2018, Capriati and co-
workersl®? documented the use of Gly/ChCl (2:1) to perform a ligand-free Suzuki-
Miyaura reaction with up to 1 mol% of Pd(OAc)2and Na2CO:s as base at 60°C with aryl
iodides and bromides and at 100°C with chlorides in 5 hours. In 2020, the same group
also provided a strategy to carry out a ligand-free Sonogashira-Hagihara reaction of
electron-poor and electron-rich (hetero)aryl at 60°C within 3 hours in the eutectic
mixture Gly/ChCl (2:1) with 2 mol% Pd/C, and TEA as base!®l. In addition, in 2021 they
also explored the Negishi reaction in ChCl/urea at 60°C, with reactions completed in 20
seconds and vyields up to 91%I*. Marset et al.l® also developed cationic
pyridiniophosphine as DES-compatible phosphine ligands for Suzuki-Miyaura,
Sonogashira-Hagihara and Mizoroki-Heck coupling with PdClz as pre-catalyst in
ChCl/Gly (1:2), PhsPMeBr/Gly (1:2) and ChCl/Gly (1:2) respectively.

Focusing on the aryl halides, the chlorides are arguably the most useful single
class because of they are cheaper and more widely available than the parental aryl
iodides and bromides, making chlorides a more economical choice for large-scale or
industrial applications. In addition, chlorides are generally less toxic and
environmentally harmful than others, thus they are more favourable from a green
chemistry and industrial scale process perspective. However, they are the less reactive
substrates in cross-coupling reactions, due to the strength of C-Cl bond (bond
dissociation energies for Ph-X: Cl: 96 kcal mol™; Br: 81 kcal mol; I: 65 kcal mol*)i*l which
makes the oxidative addition step more difficult!®”]. Several research groups investigated
green protocols with aryl chlorides. Among them, Orecchia et al.ll developed a SM
reaction in water using electron-poor chlorides with 0.005 mol% of Pd(OAc)2, P(t-Bu)Cy2
as ligand and Na2COs as base at 100°C. They also applied this protocol for the synthesis
of the fungicides Boscalid, Fluxapyroxad and Bixafen on large scale (290.0 mmol). Takale
et al.ll described a 1-pot synthesis of Boscalid performing the SM coupling with 0.07
mol% of Pd(OAc):and SPhos as ligand under aqueous micellar conditions with 10% THF
as cosolvent and KsPO+H:0 as base at 55°C. Peng et al.""! documented the Sonogashira
coupling with aryl and heteroaryl chlorides in water/acetonitrile (0.5/0.5) with 1 mol%
of PdCl2and sulfonated (2-mesitylindenyl)dicyclohexylphosphine as ligand at 100°C.

In this context, it is also worth mentioning some green metrics that have been
introduced to guide the development of greener strategies!’”l (Table 1). These include the
Environmental Impact Factor, or E factor, and the Process Mass Intensity (PMI), which are
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two of the most widely used. The E factor was introduced by Sheldon in 199271 and it
assesses the efficiency of a step or process by measuring the total amount of chemical
waste generated per kg of product isolated, taking into account yield, spent reagents and
solvent losses, excluding water. The ideal E factor is 0. The PMI was introduced by the
Environmental Protection Agency (EPA) and the American Chemical Society Green
Chemistry Institute (ACS GCI) in 2006, and it evaluates efficiency by considering all

materials and water used in a step or process, inclusive of workup chemicals.

Table 1. Common green metrics

Green metric rorra Unit of Consideration for Best

measure  waste  Yield | Stoichiometry | Solvent | Water  Value

Tome o Mm% e e om w om0

ecgt:or:ny AE L'M‘W(Ruwi:’n]?trtif:ﬁj;“jf))‘zlvrl]r’(zlfeuyentb) % yes ho ho no no 100%
st ctorfactor iy KeKet e yes yes yes om0 0
Pr?rffesr?s?ﬂ: T e T :?;:;iﬂ;:; oo ke ke yes yes yes yes yes 1

Rei?ft.'f.e" nr\c/lyas5 RME %m % yes  yes yes yes yes  100%
Re?ﬁ:zjnr;ill/\liass RMI I ”mf::’(i‘si?d::)m(ﬁsagenr.c) K ke yes yes yes no no 1

The development of new strategies that can be viably applied at both academic
and industrial levels must be guided by knowledge of green metrics, but a deep
understanding of reaction mechanisms is mandatory to control each step and parameter.
Mechanistic studies allow chemists to identify the rate-determining step and modify
specific conditions to speed up the reaction. Furthermore, by studying the mechanism,
it is possible to find the best parameters and conditions to obtain the formation of the
desired product over unwanted by-products. Indeed, understanding how the pre-
catalyst, the ligands, the reagents, the solvent and the temperature affect the reaction
outcome, is fundamental to planning the reaction protocol. By fine-tuning the conditions
for a specific palladium-catalysed reaction, it is possible to develop processes that are
less time consuming and costly, as well as improving efficiency and safety. In particular,
the formation of the active catalyst is the first step common to all Pd-catalysed cross-
coupling reactions, and by precisely controlling this process it is possible to avoid excess
reagents, save precious ligands, use lower temperatures and make the reduction faster.
The active species of palladium is a Pd(0) species, usually 14-electron based L2Pd(0)
complexes that are directly used, such as Pd(P‘Bus);, or generated in situ from a
precursor. The monoligated LiPd(0) species, although impossible to synthesise and
isolate, are highly reactive due to the unsaturated coordination sphere. Indeed, Fu and
co-workers!” showed that Suzuki-Miyaura couplings, with less reactive aryl chlorides,
go through the monoligated Pd(P‘Bus) specie rather than Pd(P‘Bus)2. It has also been
shown that bulky and electron-rich phosphines are able to favour the formation of
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L:Pd(0)"], which promotes more difficult reactions. For this reason, Buchwald
incorporated the -P(‘Bu). moiety into the biaryl scaffold to generate P(‘Bus):R
(R=biphenyl) JonhPhos and many other biaryl ligands (e.g. Sphos, RuPhos, Xphos)"47.
In this scenario, various pre-catalysts have been synthesised to produce the air sensitive
and highly reactive “LiPd(0)” in situ. Hartwig and co-workers”® disclosed the superior
catalyst activity of the dimer [(P‘Bus)Pd(u-Br)]2"”, which is an air-sensitive and dark
green l6-electron complex able to act in situ as a reservoir of the highly reactive 12-
electron Pd(PBus). In this field, it is also worth mentioning the remarkable studies
carried out by Schoenebeck’s group, such as the synthesis of the corresponding and air-
stable iodo-bridged dimers”® and the potential activation mechanism!”!. Shaughnessy
and co-workers!®l also suggested the use of the air stable Pd(II) dimers [(PRs)PdClL:]2
ditert-butylneopentylphosphine (DTBNpP) or trineopentylphosphine (TNpP).
Alternative Pd(II) pre-catalyst to generate LiPd(0) in situ are the palladacycle and
PEPPSI type after activation by a suitable base. The first category has been extensively
studied by Buchwald and co-workers®-%, who developed five generations (G1-G5) of
biphenylamine-based palladacycles. While, Organ and co-workers® first reported the
class of N-heterocyclic carbene (NHC) based air- and moisture-stable Pd catalyst called
Pyridine-Enhanced Pre-catalyst Preparation Stabilization ~ and Initiation =~ (PEPPSI)

(Scheme 1).
Scheme 1. Pre-catalysts capable of generating active “LiPd(0)” (adapted from the literature®).
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The reduction of the pre-catalyst L.PdXz has been extensively studied by various
scientists. Important contributions have been made by Amatore and Jutand, who
demonstrated that Pd(OAc): in THF and in DMF reacts with 3 equivalents of
triphenylphosphine to initially form Pd(OAc)2(PPhs).,, which then spontaneously
evolves into triphenylphosphine oxide (OPPhs) and a zerovalent palladium complex!®l.
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They also studied the reduction of Pd(OAc). with 2 equivalents of the bidentate 1,3-
bis(diphenylphosphino)propane (dppp)®! (Figure 10a). In addition, Blanc and co-
workers®l demonstrated the ability of n-butanol to promote the reduction of
Pd(XPhos):Cl2 (Figure 10b).

However, a comprehensive understanding of the most effective modes of L.PdXz
pre-catalyst activation for specific conditions has not yet been fully achieved.

a) Amatore and Jutand 1992 and 2001 b) Blanc 2022
PPh,
ACB\,PLH,OAC Slow [ pgo(PPhy)| + OAC + AcO-PPhs* XPhos XPhos
ve Ci—pd'—cl + <o ———=| e’ |+ N
PPh
: H0 XPhos XPhos
0=PPhg + AcOH
Ph, Ph, Ph, Ph
Z-0A 2
P == < = __Pd%(OAcy +
P OAc P —Pd°0Ac P PPh
Ph, Ph, Ph, 2

J o
Ph,
P=0
< + AcOH
PPh,
Figure 10. a) Pd(OAc)2(PPhs)2 and Pd(OAc):dppp reduction by acetate, b) PdCl2(Xphos)2 reduction by -
butanol.

1.3. Peptides

Peptide-based drug discovery is attractive because peptides are smaller than
proteins, allowing them to target both extracellular and intracellular sites. Over the past
two decades, peptides have attracted increasing attention, largely due to advances in
peptide synthesis and purification techniques. These developments have made
pharmaceutical-grade peptides more accessible, even when they have a high number of
amino acids. As a result, approximately 80 peptide-based therapeutics (PbTs) have been
approved and launched on the market. In addition, more than 150 peptides are in clinical
development and 400-600 are in preclinical studies(®.

However, although peptides have demonstrated significant success as
pharmacological agents, their native forms are often unsuitable for treating many
diseases. Various structural modifications have been developed to improve their
pharmaceutical properties. These include the incorporation of unnatural amino acids,
cyclization techniques, the design of stapled peptides and conjugation with stabilising
components such as lipids or pegylated chains. A review of the major milestones in the
discovery and development of peptide-based therapeutics highlights their importance
in modern drug development (Figure 11). From a commercial perspective, the peptide
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therapeutics market size is estimated at USD 43.30 billion in 2024, and is expected to
reach USD 60.90 billion by 2029, growing at a Compound Average Growth Rate (CAGR)
of 7.06% during the forecast period (2024-2029)1*l. CAGR is a business, economic and
investment term used to describe the average annualised growth rate of compounded
values over a period of time (CAGR= [(ending value / starting value)*(1 / number of
years)] — 1) (Figure 12).

1920 1930 1940 1950 1960 1970 1980 1990 2000 2010 2020

1954 Oxytocin 1982 Insulin and 2002 Teriparatide

synthesis analogs 2005 Exenatide
1983 Cyclosporine 2007 Lanreotide
1985 Leuprolide 2008 Romiplostim

1988 Octreotide
1989 Goserelin

@
1922 1963 1996 Glatiramer 2010 Liraglutide

First medical Merrifield SPPS 1999 Ganirelix 2012 Linaclotide,

use of insulin Teduglutide, Carfilzomib
2014 Dulaglutide
2017 Semaglutide,
Etelcalcetide

Figure 11. Timeline of key milestones, developments and approvals in the field of peptide therapeutics®!l.

Peptide Therapeutics Market Size Growth Trends and Forecast (2024-2029)
70

60.90
60

50
43.30 CAGR=7.06%

USD Billion

2024 2029
Figure 12. Peptide therapeutics market sales in USD million for the period 2024-202901,

Peptides can be synthesised by a variety of methods, including solid-phase
peptide synthesis (SPPS), solution-phase peptide synthesis (SolPPS), peptide-anchored
liquid-phase peptide synthesis (PA-LPPS), chemo-enzymatic peptide synthesis (CEPS),
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mechanochemical peptide synthesis and recombinant production via fusion proteins. Of
these, the recombinant approach is primarily suitable for the synthesis of long peptides
composed of natural amino acids, which limits its applicability in modern drug
discovery. SPPS introduced by Merrifield in 196312 (see Figure 11), revolutionised
peptide synthesis by allowing the fully automated incorporation of over ten amino acid
residues per day. This method is based on the stepwise assembly of a peptide sequence
onto an insoluble polymer-based solid support. The process begins by anchoring the first
amino acid, protected at its amino group, to the resin through its acidic terminal. Peptide
extension proceeds through an iterative sequence of reactions involving deprotection,
washing, coupling and additional washing steps. Once the desired peptide sequence is
complete, the peptide is cleaved from the solid support and isolated by precipitation
with an anti-solvent. In contrast, SoIPPS operates in a monophasic system where the
growing peptide chain is attached to a soluble tag, requiring the isolation of
intermediates at each step. The soluble tags, such as a benzylic ester (-OBz) or methyl
ester (-OMe), act as protecting groups. Instead, the PA-LPPS uses longer anchors, such
as polyethylene glycol (PEG)-based supports, to facilitate peptide synthesis. CEPS is
particularly valuable for the construction of long-chain peptides, as it uses enzymes to

ligate two chemically synthesised peptide segments (Scheme 2).

Scheme 2. General scheme of the main peptide synthesis techniques
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Finally, mechanochemical peptide synthesis is based on the use of ball milling

techniques, which allow the reaction to be carried out without solvents.
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As peptide drugs continue to grow in economic and technological importance,
the development of greener synthesis methods has become increasingly important. One
of the most pressing challenges in peptide synthesis is the significant amount of solvent
required, with washes accounting for 80-90% of the total process waste. For peptides
with an average molecular mass of 1000 to 5000 Da, the waste generated during synthesis
is significant, resulting in a PMI of approximately 3000 to 15,000 kg of waste per kilogram
of API®l. The environmental impact is compounded by the reliance on hazardous
solvents and reagents, further emphasising the need for sustainable alternatives.
Mechanochemical peptide synthesis is a valuable tool to move towards greener
strategies, but it is limited to short Boc-protected peptides requiring the use of HCl
gas®%l. The chemo-enzymatic approach is also a greener option and allows excellent
regio- and chemoselectivity under mild reaction conditions, avoiding highly reactive
and toxic stoichiometric amounts of coupling reagents. However, it is used for fragment
coupling and must be performed with green LPPS or SPPS protocols®!.

DMEF is the best solvent for peptide synthesis, both in the solid and solution
phase, due to its high performance in solubilising reagents and by-products. However,
as mentioned above, it is reprotoxic and classified as a hazardous solvent. Several
solvents have been investigated with the common goal of finding an alternative. Pioneers
in this field, the Albericio group first proposed the use of ACN and THF for SPPSI"7,
despite being listed as solvents of moderate to high concern in the GSK Solvent
Sustainability Guidels!l. They also investigated the use of N-formylmorpholine (NFM),
isosorbide dimethyl ether, cyclopentyl methyl ether (CPME)® and dimethyl carbonate
(DMC)™I. The research groups of Albericiol' and Rasmussen'l also suggested ethyl-
5-(dimethylamino)-2-methyl-5-oxopentanoate (Rhodiasolv® PolarClean, marketed by
Solvay)l® as a green solvent for SPPS. N-alkylpyrrolidones, which have a similar
structure to NMP, have also been found to be valid alternatives. In 2018, Gallou and co-
workers proposed the N-butylpyrrolidone (NBP)!'%I and three years later, our group
showed the high performance of N-octyl pyrrolidone (NOP) as a solvent for SPPSI4,
Green mixtures have also been investigated, such as Cyrene©/diethyl carbonate (3/7),
sulfolane/diethyl carbonate (7/3) and anisole/DMC (7/3) by our group!'®! (Figure 13).
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‘ Green Solvents for Peptide Synthesis ‘
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Figure 13. Green solvents used in green peptide synthesis.

However, other key components must be considered to achieve the goal of a fully
green approach, such as the base to remove the N-protecting group and the coupling
reagent.

In SPPS, fluorenylmethoxycarbonyl (Fmoc) was introduced by Carpinol'®! as a
base-labile protecting group for the amino terminal. Fmoc groups can be cleaved under
mildly basic conditions via an E1cB -elimination mechanism (Figure 14a). According to
the mechanism, dibenzofulvene (DBF) is formed in the first step and, as a highly reactive

electrophile, can promote side reactions.

{,—:Base
O H o O S e €0, O
i , = 2, +  HN—Peptide
[e] ) \9:4
O HN—Peptide O HN—Peptide O k
‘Base
(o
H-Base

|
(0

v

Base

O

ol @ sTe ¥

Figure 14. a) Mechanism of DBF removal. b) Timeline of bases introduced for Fmoc removal in SPPS
(adapted from literaturel'”).
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Piperidine is very efficient in this context, being both a strong base and a good
nucleophile, so a solution of 20% piperidine in DMF at room temperature is typically
used in both SPPS and PA-LPPSI'%®l. However, it is a highly regulated substance used in
the illegal manufacture of phenylcyclohexylpiperidine (PCP), also known as "angel
dust", a powerful hallucinogen.

In this context, several alternative deprotecting bases have been investigated,
including piperazinel'”], morpholinel'®, methylpiperidines, 4-methylpiperazinel'!!],
pyrrolidine? and 1,8-diazabicyclo[5,4,0Jlundec-7-ene (DBU)!®l. With the aim of
investigating a complete green protocol, several research groups have also studied the
use of safe and not controlled deprotecting bases in sustainable solvents. Gallou and co-
workers!'®l proposed the use of 4-methylpiperidine in several green solvents such as
NBP and Rasmussen et al.'l in a green solvent mixture. The group of Tolomelli and
Cabri reported the use of tert-butylamine (TBA)!'"*I and 3-diethylaminopropylamine
(DEAPA)™4 in NOP and NOP/DMC mixtures (Figure 14b).

The current state-of-the-art methodology for peptide bond formation in SPPS is
predominantly based on the carbodiimide/additive approach, with N,N'-
diisopropylcarbodiimide (DIC) being the most commonly used carbodiimide!’. Among
the additives used in combination with carbodiimides, benzotriazoles and oximes are
the primary choices. Although the benzotriazole family was the first coupling reagent
introduced for SPPS (HOBt, HOAt, HBTU are prime examples, see Figure 15), these
additives carry a risk of explosion and are therefore regulated as "class 1 explosives" [1e-
181 and can cause skin sensitisation after long-term exposurel'””l. This category also
includes more stable derivatives that are stand-alone coupling reagents with improved
stability, enhanced coupling efficiency and reduced racemisation. Despite these
advantages, safety concerns drove the search for alternatives. In this context, oximes
emerged as a safe and efficient option when Albericio and co-workers introduced this
class of additives in 200911, In particular, their work highlighted OxymaPure® (ethyl 2-
cyano-2-(hydroxyimino)acetate), which showed excellent performance in terms of yield,
low racemisation and improved safety compared to hydroxybenzotriazole-based
additives. Since then, several oxime derivatives have been developed, including K-
Oxymal'?ll, PyOxymal'?l, OxymaB!'?*l and COMUI1%1 (Figure 15).
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Figure 15. Timeline of introducing coupling reagents and additives in SPPS and relative structures (adapted
from the literaturel107).

DIC/OxymaPure® has become the gold standard in peptide synthesis due to its
exceptional efficacy, safety profile, thermal stability, low cost and the good solubility of
its diisopropylurea (DIU) by-product in organic solvents. In particular, its compatibility
with green solvents for SPPS is well established, as first demonstrated by Albericio's
group in 2015 during coupling reactions in 2-MeTHF and ACNFI. However, researchers
from Eli Lilly have recently identified a significant drawback to this protocol by
observing the formation of hydrogen cyanide (HCN) during amino acid activation!'?°l.
The proposed mechanism for HCN formation is shown in Figure 16. To address this
challenge, Albericio's group conducted a study in 2021 to evaluate the influence of
carbodiimides on HCN production when used with OxymaPure®. Their results showed
that steric hindrance of the N-substituents on carbodiimides plays a key role in
promoting HCN releasel'”). In 2019, Isidro-Llobet and colleagues introduced
tetramethylfluoroformamidinium hexafluorophosphate (TFFH) and propylphosphonic
anhydride (T3P®) as more sustainable alternatives for coupling reagents!'?l. Although
these reagents exhibit promising properties, their application in SPPS remains limited.

Despite the excellent results already achieved for more sustainable peptide
synthesis, it is still necessary to investigate other approaches that are environmentally
friendly and affordable to convince the industry to change protocols that have been

consolidated for decades.
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1.4. Fluorinated compounds

Fluorinated compounds are the least abundant natural halides!'?], but
organofluorine compounds have been widely used in bioactive agents, such as
pharmaceuticals and agrochemicals. The number of approved fluoro-pharmaceuticals
has increased steadily over the last 50 years. Worldwide, more than 300 fluoro-drugs

have been registered, including the best-selling fluorinated drugs: Prozac, Lipitor and

Ciprobay (Figure 17).
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Figure 17. Structures of Prozac, Lipitor and Ciprobay.

In particular, 23 new molecular entities (NMEs) were approved by the FDA in
2024, of which 7 (30%) were fluorinated, with an average of 34% fluorinated NMEs over
the last nine years (Figure 18).
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NMEs approved by FDA from 2015 to 2024
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Figure 18. Data collected from the literaturel3*-13¢l on NMEs, fluorinated and non-fluorinated, approved by
the FDA in the period 2015-2024.

The continued success of fluoro-pharmaceuticals strongly suggests to medicinal
chemists that the selection of fluoro-organic molecules is a potential strategy to
significantly minimise the risk of unsuccessful trial-and-error attempts during the drug
discovery process!’*l. There are several reasons for the widespread use of fluorinated
organic compounds in pharmaceuticals. Firstly, fluorine is the second smallest atom in
the periodic table after hydrogen, so replacing an H atom in a drug candidate with
fluorine does not significantly alter the parent structurel’l. The bond length of C-F (1.41
A)is also very similar to that of C-O (1.43 A), and structures such as C=CHF can be used
to replace peptide bonds!'*l. These properties are fundamental because bioisosterism,
the substitution of atoms or functional groups of comparable size or shape to achieve
similar biological effects, is essential for lead optimisation. In particular, the ability of
fluorine to alter the properties of a molecule can be drastic, it is enough to consider acetic
acid and fluoroacetic acid. The former is completely harmless, being an essential
component of vinegar, whereas the latter, found in more than 40 plants, is highly toxic,
inhibiting the Krebs cycle and leading to the death of the organism. In addition, the F-
substitution is also useful to change the conformational preferences of a small molecule
due to size and stereochemical effect, and it can be useful to stabilise a precise
conformation of a bioactive molecule to improve site-specific binding. It is also
important to consider that the ionisation state and the balance between lipophilicity and
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hydrophilicity, significantly influence the biological absorption and distribution of a
drug molecule. The incorporation of fluorine into a drug can increase its bioavailability.
Lipophilicity is quantified by logD, a logarithmic coefficient that indicates how a
compound distributes between octanol and water. A higher logD value corresponds to
greater lipophilicity, and replacing a hydrogen atom with fluorine typically increases the
logD value by about 0.251'*1. Fluorine has also a strong electron-withdrawing inductive
effect, which gives the C-F bond a "polar-hydrophobic" character, as F reduces the
polarizability and increases the hydrophobicity of molecules. This property improves
the membrane permeability of fluorinated molecules compared to non-F analogues!'¥l.
In addition, a sufficient number of nearby F atoms can leave an amine unprotonated at
physiological pH, affecting the membrane permeability!'*l. The H/F substitution is also
helpful in enhancing the protein-ligand interaction due to the capability of C-F to
participate in multipolar interactions. For example, Diederich’s group found that
fluorinated tricyclic thrombin inhibitors had a better affinity for the active site due to the
multipolar interactions C-F---H-Ca and C-F:--C=0 in the binding pocket!41142] (Figure 19).
Finally, the fluorination of natural bioactive molecules also makes them more resistant

to metabolic degradation!’?7..

tricyclic inhibitor

Figure 19. X-ray crystal structure taken by the literaturel'*3] to show multipolar interaction C-F--C=0 in the
binding pocket. Colour code: inhibitor skeleton: green; C: grey; O: red; N: blue; F: cyan.

Incorporation of fluorine atoms has been shown to influence several critical
properties, including metabolic pathways, pharmacokinetics and permeability.
Unfortunately, the most commonly used synthetic methods for fluorination often have
poor green chemistry metrics or are impractical for complex molecules with multiple
functional groups. There is a pressing need within the synthetic community for
fluorination methods that are both practical and environmentally sustainablel!4],

Fluorine is the 13*" most abundant terrestrial element and occurs almost
exclusively as fluoride salts!**! of which calcium fluoride (also known as fluorite or
fluorspar), found mainly in Mexico, China and South Africa, is the only resource
exploited. The purest fraction, known as Acidspar, is treated with sulphuric acid (first

reported by Scheele in 1771014¢l) to produce over one million tons of anhydrous HF gas
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per year, which is used directly or indirectly in the synthesis of all the fluorinated organic

compounds!'#”! (Figure 20).
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Figure 20. The main sources of fluorine atoms used in the chemistry of organofluorine compounds (adapted
from the literaturel44).

HF is not a laboratory friendly reagent due to its ability to dissolve glass by
reacting with silicon. It is highly corrosive and must be handled with care as it can
penetrate the skin causing severe burns and toxicity. This is because the fluoride ion
interacts with calcium in the body, posing significant health risks!'*8l. The news reported
in 2019 a catastrophic accident in Philadelphia (USA) in which 300,000 kg of hydrofluoric
acid was released due to corroded pipes. HF, a common acid catalyst used in the refining
of low molecular weight hydrocarbons, was released into the atmosphere during a 24-
hour fire. The accident miraculously caused no fatalities, but the company responsible
for the plant filed for bankruptcy!'4l.

Fluorination can occur by electrophilic, nucleophilic or radical reactions. 1-
Chloromethyl-4-fluoro-1,4-diazoniabicyclo[2.2.2]octane bis(tetrafluoroborate)
(Selectfluor®), N-fluoropyridinium salts and N-fluorosulfonimides, such as N-
fluorobenzenesulfonimide (NFSI) are widely used in modern organic synthesis!'5¢-15¢l,
However, electrophilic F*reagents have several disadvantaged. They are expensive and
dangerous to synthesise as they rely on the Fz gas storage and, being highly reactive,
their oxidising properties can be incompatible with some substrates. They also have a
high molecular weight, which makes them a poor choice in terms of atom economy. The
N-F reagents, such as NFSI and Selectfluor, have also been employed for radical
fluorination due to the low N-F bond strengthl!#l. Regarding nucleophilic F-sources,
alkali metal fluoride salts are the best choice because they are safe, available and

inexpensive.
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Fluorine also plays a key role in PET through the synthesis of '®F-labelled
radiotracers. PET is a highly sensitive imaging technique that enables non-invasive in
vivo characterisation of biochemical processes at a molecular level. It is an indispensable
tool in drug discovery, disease diagnosis, therapeutic evaluation and patient
stratification, thereby facilitating the treatment of various diseases!"”’l. The radioisotope
8F is commonly used due to its excellent decay properties (t12=109.8 min, 97% B+ decay,
0.63 MeV positron energy)!'8l. Specifically, the low positron energy results in high-
resolution images and the long half-life of 'F (the ti2 of 'C is 20 min) allows multiple
patients to be imaged from a single radiotracer production, as well as off-site delivery of
the '8F-radiotracers!'®. Innovative methods for late-stage '"F-fluorination and the
important role of fluorinated compounds in the pharmaceutical sector, have guided the
progress of '8F- radiolabelled molecules for PET!l, with particular relevance to the
development of “['F]IN-F” reagents, such as ["F]-NESIl'Yl and ['*F]-Selectfluor
bis(triflate)’62l described by the Gouverneur group. The *F-labelling of biomolecules,
such as peptides and proteins, has been carried out by attaching a prosthetic group or

via late-stage, some examples are shown in Figure 21.
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Figure 21. Examples of prosthetic groups in '8F-radiolabelling of peptide-protein: a) Becaud in 2009!'%31 and
b) Gouverneur and Davis in 2013014, Examples of late-stage modification on '¥F-radiolabelling of peptide-
protein: c) Britton in 2017 and 20181651661, d) Gouverneur in 20180167,

Despite the great success of fluorinated molecules in the pharmaceuticals and
agrochemical sectors, safety concerns regarding the supply chain to prepare the starting
materials, poor green chemistry metrics and high costs are major drawbacks. In this
context, the recent study published by Gouverneur's group showing a new way of using
fluorspar as a direct source of fluoride, bypassing HF production, is noteworthy!esl.
However, the need to develop other alternative strategies for fluorination continues to
grow in parallel with the number of fluorinated molecules approved on the market each

year.
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1.5. Aim of the Project

The aim of this project is to explore alternative strategies for the synthesis of
biologically active compounds. The thesis is divided into three sections, each addressing
a different area of research.

The first part focuses on palladium-catalysed reactions. In particular, we have
elucidated the mechanism of the Heck-Cassar-Sonogashira reaction, investigated the
process of Pd(II) pre-catalyst reduction, and developed a sustainable approach for Heck-
Cassar and Suzuki-Miyaura reactions using aryl chlorides.

The second part is dedicated to peptide synthesis. Specifically, we evaluated the
applicability of safe and environmentally friendly coupling reagent for SolPPS and PA-
LPPS methods and synthesised a small library of potential antimicrobial peptides.

The third section describes the development of novel enantioselective
fluorination protocols based on a nucleophilic approach. This part of the research was
carried out at the University of Oxford under the supervision of Professor Véronique
Gouverneur.
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CHAPTER

The Mechanistic Investigation and Sustainable
Approach of Palladium Catalysed Cross-Coupling

Reaction

2.1. New mechanistic insights into the copper-free Heck-Cassar-

Sonogashira cross-coupling reaction

2.1.1. Introduction

The palladium-catalysed cross-coupling of a terminal alkyne with a vinyl or aryl
halide is a powerful reaction in organic synthesis because it provides a direct route to
sp-sp? carbon-carbon bonds. For this reason, since its discovery in 1975, it has found wide
application in diverse areas, including pharmaceuticals and natural products!'®170. In
the presence of cuprous iodide (Cul) the reaction is known as Sonogashira reaction

while, without the metal additive, as Heck-Cassar reaction (Scheme 3).

Scheme 3. General Scheme of the HCS Reaction.

Heck-Cassar Pd(0)
Sonogashira Pd(0)/Cu(l)

catalyst (Pd/Cu)
=—H + Ar—=X =—Ar + baseH'X
solvent / base

+
X=1, Br, Cl, OTf, N,

In the beginning of 1975, Heckl'7!l and Cassar!'”?l independently published
methods for the palladium-catalysed coupling of aryl halides, or pseudohalides, with
alkynes, using different bases, solvents, and temperatures. Cassar used sodium

29



CHAPTER 2

methoxide in DMF at 50°C, while Heck neat triethylamine at 100°C. Shortly thereafter,
Sonogashiral'”?l introduced a similar protocol but under milder conditions, using neat
diethylamine at room temperature, with Cul as a cocatalyst. The presence of copper(I)
allowed the reaction to achieve complete conversion of aryl iodides even at room
temperature.

Despite improved reactivity with copper as a cocatalyst, it also presents
challenges. The use of copper requires stringent exclusion of oxygen to prevent alkyne
homocoupling, a side reaction mediated by the copper-catalysed Glaser-Hay
reaction!'”, This is a major problem when the supply of acetylene is limited or expensive
and represent a problem in terms of selectivity. Furthermore, copper itself is
environmentally harmful®! and complicates catalyst recovery, as it is difficult to
separate from palladium at the end of the reaction. In addition, the reagents may be
sensitive to the presence of copper and require alternative variants of the coupling
procedurel’””. To overcome these problems, the interest in studying copper-free
protocols became increasingly significantly.

The Pd/Cu-catalysed Sonogashira mechanism is generally understood to proceed

via two independent catalytic cycles!'7¢78l (Figure 22a).
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Figure 22. General mechanisms of the Sonogashira (a) and Heck—Cassar (b) protocols.
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The catalytic cycle goes through the classic C—C bond cross-coupling pathway,
where the initial step involves the oxidative addition (OA) of an aryl or alkyl halide to a
Pd(0) complex. The efficiency of this step depends significantly on the nature of the Ar-X
substrate, with reactivity increasing in the order ArCl < ArBr < ArIl'”). After the
formation of the complex B R?Pd(II)L.X, the transmetalation occurs with a copper
acetylide (Fab) generated in the copper catalytic cycle. The mechanism can proceed via a
neutral or anionic mechanism!"78180181], where the main role of the copper is in both cases
to make the terminal alkyne proton more acidic by forming a t-complex E and forming
the Cu-complex Fan. Even if certain aspects of the transmetalation process and the copper
cycle are not completely defined, the overall mechanism of the Pd/Cu-catalysed
Sonogashira reaction is widely accepted in the scientific community. Regarding the
general mechanism for the copper-free Heck—Cassar, described in Figure 22b, the
coordination of the alkyne is still a matter of investigation for several research groups.

The mechanism of the Heck—Cassar protocol has been extensively studied by
several researchers over the years. In 1975, Heck proposed a mechanism where the
oxidative addition complex reacts directly with deprotonated acetylene to form a o-
complex CU'71. However, this hypothesis was questioned due to the high pKa of
acetylenes (e.g. phenylacetylene has a pKa >20), which is inconsistent with the basicity
of the reagents typically used in these reactions!'$21%3l, In 2003, Soheili'*!l proposed an
alternative mechanism, suggesting that acetylene first enters the metal coordination
sphere to form a rt-complex G. This m-complex undergoes /o switching (from G to C),
promoted by the base, leading to the efficient formation of the coupling product. This
proposal offered a more plausible explanation of the reaction mechanism, and a few
years later Martensson's studies supported the deprotonation mechanism proposed by
Soheili, ruling out the possibility of carbopalladation. Martensson et al.['’>185 proposed
that the process likely involves either anionic or cationic coordination, rather than the
previously suggested pathways. Later, scientific efforts to elucidate the mechanism of
the Heck-Cassar protocol have focused mainly on the nature of the /o switching, and
an ionic pathway has also been proposed (Figure 23)151,
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Figure 23. Heck—Cassar protocol based on direct coordination of the alkyne, via cationic, anionic, and ionic
routes.

In 2018, Kosmrlj and co-workers proposed a general mechanism for the Heck—
Cassar protocol based on a second cycle of palladium, as shown in Figure 24al'¥’l. The
mechanism was supported by density functional theory (DFT) calculations, kinetic
studies and 3P NMR analysis of intermediate complexes. The suggested model consists
of two distinct palladium cycles and assumes a Pd(II)-Pd(Il) transmetalation (TM)
process, similar to that of the Sonogashira coupling between the oxidative addition
complex B and the copper(I) alkyne complex F (comparison between Figure 22a and
Figure 24a). Based on the Pd(II)~Pd(II) transmetalation pathway, the main side product
should be the homodimer 4 formed from complex M by a simple reductive elimination
(RE) process. However, this hypothesis was not consistent with the results previously
published by our group where the formation of the homodimer 4 was never
detected*>581%1, In fact, they observed the enyne as byproduct, originating from self-
hydroalkynylation (Figure 24b), when the oxidative addition step to generate B was

inefficient!4s1.
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a. HCS based on the Pd(ll)-Pd(ll) transmetalation

b. Self-hydroalkynylation mechanism
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Figure 24. Heck-Cassar protocol based on the Pd(II)-Pd(Il) transmetalation mechanism (a); Self-
hydroalkynylation mechanism (b).

These observations led to a more detailed investigation of the Heck-Cassar
protocol, focusing in particular on the behaviour of the alkyne under both stoichiometric
and catalytic conditions. To effectively control the reaction, several key parameters were
considered, including ligand, base, solvent, leaving group, concentration and
temperature. Using techniques such as 3'P NMR, HPLC, GC and DFT calculations, this
study aimed to elucidate the detailed mechanism of the Heck-Cassar protocol under
operational conditions. I focused on the experimental part related to the synthesis of

palladium complexes and mechanistic investigations using NMR.

2.1.2. Results and Discussion

Since rapid and complete pre-catalyst reduction is critical for an efficient process,
we initiated this study to investigate the effects of base, ligand, and solvent effects on the
reduction of (PPhs):PdCl.. We chose three bases used in the HCS reaction, namely
N,N,N’,N’-tetramethylguanidine (TMG), pyrrolidine (PYR) and triethylamine (TEA),
and deuterate chloroform (CDCls) and dimethylformamide (DMF-d») as solvents. PYR
and TEA are standard bases for the HCS reaction, while TMG was introduced by Cabri
et al. only in 1998I'¥]. The results shown in Table 2 clearly indicate that the nature of the
base influences the reduction process. Indeed, TMG and PYR were able to reduce the
pre-catalyst in 10 minutes at 25°C, with a complete conversion in the presence of an
excess of PPhs (entries 1-4, Table 2). In particular, TMG, with a higher pKa (23.3 in
acetonitrile)l'®, was more efficient than PYR. On the contrary, TEA was not able to

reduce the pre-catalyst via phosphine oxidation at room temperature (entries 5 and 6,

33



CHAPTER 2

Table 2). In fact, TMG and PYR can enter the palladium coordination sphere and displace
the ligand, favouring its oxidation (route A, Scheme 4), and when extra quantities of
ligand are present, the reduction is complete. This process does not occur with tertiary
amines, such as TEA, because they are ineffective in coordinating the metal. For this
reason, when we carried out the reactions with secondary amines (e.g. TMG) and an
excess of ligand, we did not detect the formation of complex M (Figure 25) , whereas in
the presence of TEA and phenylacetylene, the formation of complex M occurred
quantitatively (Figure 26), in accordance with route B in Scheme 4.

Table 2. Evaluation of Base and Ligand Effects on (PPhs).PdCl> Reduction to Pd(0)

Entry Base Solvent Conv (%) + PPh; (% conv)b
1 TMG DMF-d7 64 100
2 T™MG CDCl3 85 100
3 Pyr DMF-d7 31 100
4 Pyr CDCls 65 100
5° TEA DMF-d7 0 0
6° TEA CDCls 0 0

“Reactions were carried out at room temperature with 0.013 mmol of pre-catalyst and 0.026 mmol of base in 600 uL of
solvent for 10 min. Conversions of Pd(II) into Pd(0) were calculated by 3'P NMR. *Two equivalents of triphenylphosphine
were added. ‘The quantitative formation of M was observed.

Scheme 4. Pathway for Pd(II) pre-catalyst reduction.

H,0 + base OPPh; + 2 baseHCI
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Figure 25. 3P NMR spectra of PACl2(PPhs)z in CDCls with a) TMG (50 equiv) and phenylacetylene (50 equiv)
and b) with PPhs (2 equiv).
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Figure 26. 3P NMR spectra of PdCl2(PPhs): in CDCls with TEA (50 equiv) and phenylacetylene (50 equiv).

The mechanism of the reaction was investigated using a standard protocol,
involving the reaction of 4-nitrophenyl iodide 1yo, with 1.1 equivalents of
phenylacetylene (2a), 2 equivalents of the base, and 20 mol% pre-catalyst (PPhs).PdClzto
obtain good quality spectra. The presence of the nitro substituent on the aromatic ring
of aryliodide 1y, is able to slow down the RE step and increase the chances of detecting
intermediate complex C. The Pd(Il) complexes Bl'\mz, C, M, and L (Figure 27a) were
individually previously synthetised (see Experimental Section 2.1.4.2.)U87.. For this
purpose, only TMG and PYR were screened as the base, while TEA was not tested, due
to its inefficiency in generating Pd(0) species at room temperature. Independent of the
bases or solvents used, it was possible to observe the formation of a small amount of M.

However, with the addition of PPhs, which accelerates the Pd(II) reduction, the complex
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M was not detected by 3'P NMR, regardless of the base (TMG, PYR) and solvent (DMEF-
dz, CDCls) used. As an example, the 3'P NMR spectrum of the reaction using TMG as the
base, both with and without additional PPhs, is reported in Figure 27. The evidence
shows that complex M was formed and detected only when the reduction of the Pd(II)
pre-catalyst was inefficient. This suggests that the formation of complex M is not
essential for the HCS reaction to proceed, but rather represents an alternative pathway
for the palladium reduction process. Consistently, when palladium tetrakis
triphenylphosphine [Pd(PPhs)s] was used as the catalyst, M was never detected (for
details, see Experimental Section 2.1.4.6.).

Moreover, we evaluated the potential formation of palladium nanoparticles
during the reduction of the pre-catalyst or the cross-coupling process, which could
theoretically interfere with the experiments, and we demonstrated that nanoparticles did

not form during the processes.

a & 8Nk
g - pedely __ PuCH(PPha)z (20 mmoi%)
TMG (2 eq),
OPPh; DMF- dﬂh
C Tnoz 3anoz
R M B
A ml
- : : : . . - r r - - - . : - : : : : : r
34 32 30 28| 26 24 22 20 18 16 14 12 10 8 6 4 2 0 -2 -4 6
b f1 (ppm)
OPPh, PACI,(PPhs), (20 mmol%)
PPhs (40 mmol%)
w1 - (O o) o =
2 TMG (2 eq), 1t 2
DMF-d,1 h
Tnoz 2a 3ayo2
C B PPh,
" [
— LJ
: - - - . : : - - - - : : : : - - : : : : -
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Figure 27.3'P NMR of the HCS reaction carried out with Inoz (0.5 mmol), 2a (1.1 equiv), and TMG (2 equiv)
as base in DMF-d7 (0.5 M) at 25° C without additional quantities of PPhs (a) and with the addition 2 equiv
of PPhs (b). Complex R is the OA complex with the TMG coordinated to palladium.

We also wanted to evaluate the stability of critical Pd(II) complexes at different
temperatures in CDCls and DMF-d7 monitoring the formation of the desired coupling
product 3a and the homocoupling 4a, within a 30 min timeframe. Complex M remained
stable at 25°C in CDCls and in DMF-d7 (entries 1-2, Table 3), while in CDCls at 60°C, 30%
of complex M was converted into the reductive elimination product 4a (entry 3, Table
3). In DMF-d7, the conversion into 4a was even faster; in fact the conversion was
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completed already at 40°C (entry 4, Table 3). The OA complex 4-NO:-Pd(PPhs).1 B]'\IOZ in
the presence of M in CDCls at 25°C generated only a small amount of the cross-coupling
product 3a (entry 5, Table 3), while at 60°C in DMF-d7, M generated mainly 4a and only
21% of the coupling product 3a (entry 6, Table 3). These results show that the formation
of the homocoupling product 4a is diagnostic for the presence of the complex M. As
expected, the cross-coupling between the oxidative addition complex Bll\mz and 2a

generated exclusively the target product 3a (entries 7 and 8, Table 3).

Table 3. Pd(II) Complex M stability studies®

Entry Solvent T (°C) B 2a M Conv (%) 3a/4aP
1 coCls 25 - -1 M (0)° 0/0
2 DMFds 25 - -1 M (0)P° 0/0
3 CDCk 60 | M (30)° 0/100
4  DMF-d, 40 S | M (100)° 0/100
5 CDCls 25 1 -1 B (5)° 100/0
6 DMF-d; 60 1 -1 M (100)° 21/79¢
7 CDCls 25 R B (36)° 100/0
8 DMFd7 60 11 - B (42)° 100/0

*All reactions were carried out for 30 min with [C]=0.024 M. For entries 7 and 8, 1.1 equiv of TMG was added. 'The mixture
was analysed after 30 min by 'H NMR. cThe mixture was analysed after 30 min, and the conversion was calculated using
3P NMR. “The ratio 3a/4a was determined by HPLC.

These experiments further demonstrated that the HCS coupling did not require
the formation of M and that the oxidative addition complex B was stable in CDCIs or
DMF and did not generate, as described by Kosmrlj et al.l'¥”], the Ar.Pdl. and
Ar2Pd(PPhs)z. This last complex is the intermediate of a palladium-catalysed Ullman-
type reaction that follows a completely different path’.12l. Furthermore, the complex
Ar:Pd(PPhs),, if formed, should also have produced the Ar-Ar homocoupling product
by reductive elimination and was consistently never detected.

In order to compare the alkyne direct coordination and the transmetalation step,
we independently synthesised complex B and M to react as shown in Figure 28,
according to the Kosmrlj’s experiments!'¥’l. The reactions were performed in CDCls
because of the low solubility of M in other solvents. It is possible to observe that the
reaction carried out between complex Byg, and M at room temperature in CDCls with
1.1 equivalents of TMG, was slower than the coupling Bll\m2 and 2a (Figure 28a). The
reaction with PYR and 4-Me-PhPd(PPhs)aI (B} ) was also carried out in order to replicate
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the identical conditions of KoSmrlj et al.'¥”], and we obtained similar results to the
previous one (Figure 28b). Furthermore, since in the compared study they claimed that
the maximum rate corresponds to the initial rate only in the B+M reaction, due to the
absence of an induction period to form M!'%, we calculated the Vmax and we found that

the maximum value is at the starting point in both cases.
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Figure 28. HCS reaction between the oxidative addition complex By, (0.018 mmol) with 2a (1 equiv) and TMG (1.1 equiv)
and with M (1 equiv) in CDCls (0.024 M) at 25°C (a). HCS reaction between the oxidative addition complex B}, (0.0095

mmol) with 2a (1.2 equiv) and Pyr (5 equiv) and with M (1.2 equiv) in CDCls (0.013 M) at 25 °C (b). All experiments were
performed in triplicate and the values reported are the average of the three measurements.
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These experiments highlighted that, even if complex M is able to promote the
cross-coupling, the direct coordination is faster than the Pd(II)-Pd(Il) transmetalation
and it is significantly the most efficient one. In the study under comparison, Kosmrlj and
co-workers observed a different result!'¥”], however, it is important to notice that the
outcome of the stoichiometric reaction can be affected by the solubility of the complexes
and the quality of the CDCls. In all the experiments described above, the palladium
complexes were freshly prepared, the phenylacetylene was brand new and CDCls was
passed over alumina to remove any trace of acidity. In fact, chlorides can easily exchange
the iodide in the oxidative addition complex!'®l. In addition, these reactions produce
Pd(0) species, which can react with CDCls to produce other by-products!®#1%], or with
2a, further reducing the available alkynel*!.

In order to avoid any variability or interference of solvent, reagents and
conditions, a direct competition between M and 2b in reaction with the OA complex B
was carried out. Therefore, the simultaneous competition between the direct
coordination and the Pd(II)-Pd(Il) transmetalation step, was studied under different
reaction conditions with an equimolecular amount of the complexes Bk, M, and 1-
ethynyl-3-methylbenzene (2b) (Scheme 5). The use of 2b allowed us to distinguish the

products resulting from the different reaction mechanisms.

Scheme 5. Competition between M and 2b in reacting with Oxidative Addition Complex B{qoz and Blye.

1 1 2 1 R
Tpha Tph3 — Base (2 equiv) 7 \R R K R Y O
.—@—P‘d—l s = . /_ = T = / .—Q = <:> + + O =
PPhs PPhs Solvent, T
-NO3, -CH3 1 equiv 1 equiv 1 equiv cross-coupling homodimer enyne
B 2b M 3a-b da-c 5a-b

ITPha

o0

-

|
PPh,

a

With the use of a 1/1/1 ratio of B{;/M/Zb, preferential formation of 3b was
observed after 1 h in CDCls at 25°C independent of the substitution on the aromatic ring
of B{;and the base (entries 14, Table 4). The use of 10 equivalents of 2b, which mimics
the excess of the alkyne in a catalytic reaction, completely suppresses the formation of
3a (entries 5-6, Table 4). To perform the reaction under completely homogeneous
conditions and to demonstrate the flexibility of the system, CDCls, DMF, NMP, NBP,
HEP, THF, ethanol and toluene were screened at 60°C. The competition reactions
selectively gave the alkyne cross-coupling product 3b independent of the solvent used
(entries 8-15, Table 4). Since the product 3b can only be generated by the direct
coordination mechanism, the Pd(II)-Pd(Il) transmetalation process was definitively

ruled out. In all of the reactions, the only side product detected was the homocoupling

39



CHAPTER 2

product 4a coming from the reductive elimination RE of M and compounds 4b, 4c, 5a,

and 5b were never detected.

Table 4. HCS cross-coupling competition studies, direct coordination versus Pd(II)/Pd(II) transmetalation
process”

Entry B Solvent Base  T(°C) w%Conv (1h)° 3a/3b (1h)
1 Blo, CDCl, T™MG 25 73 0/100
2 Blo, CDCl, PYR 25 60 0/100
3 Bl,, cDCl, ™G 25 66 2/98"
4 B, cDCl, PYR 25 41 3/97"
5 Bhe CDCl, T™MG 25 60 0/100
6° Ble CDCl, PYR 25 59 0/100
7 Blo, DMF TMG 40 100 0/100
8 Blo, DMF T™MG 60 100 0/100
9 Blo, CDCl, TMG 60 100 0/100
10 Blo, NMP TMG 60 100 0/100
11 Blo, NBP TMG 60 100 0/100
12 Blo, HEP TMG 60 100 0/100
13 Blo, THF TMG 60 100 0/100
14 Blo, EtOH TMG 60 100 0/100
15 Blo, Toluene T™MG 60 100 0/100

aReactions were carried out with B}1 /M/2b in a 1/1/1 ratio, 1,1 equiv of base with a concentration of 0.13 M under nitrogen
for 1 h. !Determined by HPLC-MS. ‘Determined by GC-MS. In entries 7- 15, the conversion of M into 4a was completed.
910 equiv of 2b were added.

To gain a deeper understanding of the step following oxidative addition, we
investigated various Pd(II) complexes under operative conditions. We performed 3'P
NMR analysis on the oxidative addition complexes Bﬁoz, with different leaving groups
(X =1, Br, Cl, or OT¥), in the presence of bases such as TMG, PYR, or TEA in DMF-d-.
Subsequently, we introduced the alkyne to the system.

The base effect was studied using 50, 20, and 10 equivalents of base relative to the
Pd(IT) complex BX, , to replicate the operative conditions. In fact, when using a 1 mol%
catalyst, the data showed the impact of 1.1 equiv of the base on the oxidative addition
catalyst at different conversions (60, 90, and 99%). 3P NMR spectra revealed that
complexes R were the predominant Pd(II) species with TMG and PYR (entries 1-6, Table
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5), regardless of base excess. Interestingly, with the exception of the chloride complex,
TMG consistently outperformed PYR in replacing PPhs within the Pd(II) coordination
sphere. As previously mentioned, the tertiary base TEA was unable to coordinate with
the metal centre (entries 7-9, Table 5) and no coordination was detected. The equilibrium

constant k was generally low, consistent with the findings of Jutand and co-workers!*l.

Scheme 6. Oxidative addition complexes BﬁoZ with X =L, Br, I, OTf in presence of a coordinating base

Base Base Base
'TPh3 + Base > | |
Ar—PId—X Ar—P]d—X === PhsP—Pd—X PhyP—Pd—Ar
|
PPhg - PPhy PPhs ,lx, X
BX X=l, Br, Cl Ra Rb Rc
oTf oTf “oTf
+ + +
PPh Base Base Base
2 + Base FPhs | + Base ‘TL TL
Ar—PId"-DMF Ar—PId—Basc <—= Ar—Pd-PPh; Ar—Pd-PPhz —= Ar—Pd— Base
Fing “PPhs PPhg PPhy | -PPhs Base Fl’Ph3
g Rd Re Rf Rg

Table 5. Base Effect on the Oxidative Addition Complexes BXo , with X =1, Br, I, OTf @
Base / B} ratio

Entry X BX Base 50 20 10 keq”
equiv equiv equiv

1 I Blo, Pyr 93/7 85/15 68/32 0.182
2 Br BRG, Pyr 91/9 78122 68/32 0.099
3 Cl Bib, Pyr 93/7 82/18 70/30 0.134
4 [ Blo, T™MG 100/0 97/3 93/7 0.910
5 Br BRG, T™MG 96/4 85/15 74126 0.122
6 Cl Bib, T™MG 87/13 71/29 63/37 0.074
7 [ Blo, TEA 0/100 0/100 0/100 -
8 Br BRG, TEA 0/100 0/100 0/100 -
9 Cl Bfo, TEA 0/100 0/100 0/100 -
10 OTf BRo! T™MG 100/0 100/0 100/0 ¢

“The reaction was performed with BYp, (0.026 mmol) dissolved in DMF-d7 (600 uL). 'Ratios of the complexes and
equilibrium constants were calculated using 3P NMR). <It was not possible to calculate k since the formation of the R
complex is efficient even with a low amount of base.

Moreover, as expected, the presence of a large excess of base shifted the
equilibrium toward the formation of R complexes. It is important to note that no
exchange occurred between the base and halide due to the strong Pd(I)-I, Br, and Cl
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bonds. Indeed, the formation of complexes R was perfectly balanced by the release of
free PPhs into the solution (Figure 29). With oxidative addition complexes coming from

aryl halides, the triphenylphosphine release begins upon the addition of the first
equivalent of TMG or PYR into the mixture.
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Figure 29. 3'P NMR spectrum in DMF-d- of B,(\:Ilo2 after the addition of TMG 10 equiv as an example.

Three different complexes Ra—c can be formed after the PPhs replacing, as shown
in Scheme 6. To evaluate their stability, DFT calculations with TMG as the base, X=I, Br,

Cl have been carried out by the group. The data supported the hypothesis that Ra was
the most stable (Figure 30).
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AGRa = 0.0 kcal/mol Ar” O PPh, A’.’Pd‘ppha

Figure 30. Gibbs energies in DMF (A Gpwmr, kcal mol?) at 298 K for isomers of complexes R with counterion
halide (a) and a triflate (b).

Regarding the oxidative addition complex with triflate, after the addition of a
second equivalent of TMG, the complex cis-trans ArPdPPhs(TMG): was formed because
BS(T)Z is completely dissociated in DMFI'7I. Indeed, two peaks were observed at 27.78 and

19.32 ppm in the 3P NMR spectrum after the addition of 2 equivalents of PPhs (Figure
31b).
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Figure 31. (a) 3P NMR spectra of the complex B§52(0.026 mmol) dissolved in DMF-d~ (0.6 mL) followed by
the addition of TMG and 2a at 25°C. (b) 3'P NMR spectra of the complex B%i( (0.013 mmol) dissolved in
DMF-d7 (0.6 mL) followed by the addition of TMG and 2c at 25°C.

Since with the excess of base, only the peak at 27.78 ppm was observed with the
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(TMG): (Rf,g). The cationic complexes Rd,e and Rf,g, formed from one and two
molecules of TMG respectively in the palladium coordination sphere, have almost the
same energy (Figure 30b). However, the slightly more stable complexes are those that
result from the first substitution of one molecule of TMG in trans (Rd), and so, these are
the ones that are likely to react in the mechanism and gives the Rg rather than Rf
complexes.

In Figure 32, the mechanisms and energies for the interconversion among the
intermediates Ra, Rb, and R starting from complex trans-Byg , are reported. The only R
isomer that can be formed from trans—Bl{loz is Ra, which is the most stable complex. Ra
can isomerize to give first Rb and then Rc. The total energy required to go from Ra to
Rb is 17.5 kcal/ mol, while the energy needed to form complex Rc from Rb is 25.9 kcal.
These calculations are in line with the 3'P NMR, which shows the presence of a largely
predominant R isomer and small amounts of the other two when just 10 equivalents of
base are used (see Figure 29). On the other hand, when a large excess of base is present,
mimicking the reaction conditions, the isomerization is completely inhibited and only

the most stable isomer, presumably Ra, is detected.
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Figure 32. Reaction coordinate of the interconversion among the intermediates Ra, Rb, and Rec.

The reaction mechanism via neutral (Ra-c) or cationic (Rd-g) complexes is mainly
related to the nature of the counterion in the oxidative addition Pd(II) complex B. We
have investigated the effects of alkyne 2a incorporation in the catalytic cycle using both
experimental and theoretical approaches.

3P NMR analysis showed that after the addition of 20 equivalents of 2a,

regardless of the counterion, the formation of complex C, which precedes the RE step, is
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a fast process. Indeed, after 2 min we observed the formation of the reductive elimination
complex C at 28.03 ppm and after 10 min the complete disappearance of complexes Ry
(Figure 31a-b). We also studied the effect of the alkyne on the reaction outcome using the
Bﬁf)zcomplex. Complex C was rapidly formed after 10 min at room temperature and was
absent after 5 hours independently from the alkyne typology (Figure 33). The complete
conversion to the corresponding HCS products 3a-1 was demonstrated by HPLC
analysis. These results further support the observation that the different excess of alkyne
required to achieve complete conversions under standard conditions is not determined
by the alkyne reactivity in the HCS coupling. The alkyne coordination and 1t/o switching
required to generate C is very fast and we were unable to detect any intermediate.
Density functional theory calculations were performed to further confirm these

experimental results and to understand this step in more detail.
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PPh ™G S
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ArfF'lder + TMG ——— Ar—P‘d-Br + PPhg m —_— A——
PPh PPh
3 ® = H conv. >89%
BE" 20 eq R 2a-1 (20 eq) cis-Cay 3a-l

Figure 33. Alkyne carbopalladation into complex B ,(0.026 mmol) in 600uL of DMF-d>.

DFT calculations of the HCS reaction have been performed by the group to
further investigate and validate these experimental results. The calculations have been
performed with the PBE/def2-TZVP level of theory!® starting from the oxidative
addition complexes, namely, Bl{,o2 and B&T)Z, phenylacetylene 2a, and TMG as a model
system. According to the experimental data on the effect of the TMG base, two different
mechanisms were investigated using the iodide and the triflate as counterions: the

neutral/anionic pathway via Ra—c for the halide species and the cationic/neutral pathway
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via Rd—g for the triflate as the leaving group. Ra and Rg were chosen among the different
isomers on the basis of the data described in Figure 30. The computed Gibbs energy
profile for the copper-free HCS reaction starting from the oxidative addition complex
BI{JOZ is shown in Figure 34a. The energy of the transition state of the direct
carbopalladation of the acetylene on complex Bll\,oz, without passing through TS0, was
found to be 32.0 kcal/mol (TS1F™3). This is the energy required for the mechanism
involving tertiary amines. With secondary amines, such as TMG, the key step of the
process is the transformation of Byg, into intermediate Ra by displacement of one
equivalent of PPhs by the base. Our calculations found a barrier of 20.2 kcal/ mol (TS0Y),
a difference in energy offset by the excess base that is used in the process. The reaction
coordinate was based on Ra because it was the most stable isomer (Figure 30a). The
ability of the secondary amine to enter the palladium coordination sphere is critical
because it lowers the energy required for the acetylene carbopalladation step. The energy
required to go from Ra to G through TS1! is only 22.9 kcal/ mol, a process favoured by
7.1 kcal over the direct passage from TS1P""3. The calculations therefore reinforce the
concept that the carbopalladation step is much faster when it passes through the
complex Ra, rather than directly from complex B. The step from Ra to G via TS1'is the
rate-determining step of the alkyne carbopalladation process. All subsequent energy
barriers from G to C are lower than the previous transition state from R to G. The
deprotonation of the acetylene is also favoured because of the base, which has just left
the complex to make room for the alkyne, remains close to the intermediate, facilitating
the formation of the anionic complex N with an energy barrier of 9.8 kcal/mol. The
rupture of the Pd-I bond from the anionic complex N requires a low activation energy,
and the replacement with PPhs is therefore very efficient. Indeed, the A G between N
and TS3! is only 12.6 kcal/mol, affording the neutral complex C, which undergoes
reductive elimination with a free energy of 10.8 kcal/mol, giving rise to the coupling
product 3 and regenerating the catalyst. In contrast to the neutral/anionic mechanism
that occurs with halides as leaving groups, the HCS reaction with triflates is
characterised by a cationic/neutral mechanism (Figure 34b). There are currently no DFT
data available in the literature calculations for any aryl triflates.
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Figure 34. DFT-calculation-computed reaction profile and solution-state Gibbs free energies in the DMF (A
Gomr, keal mol ™) PBE/def2-TZVP level of theory at 298 K for stationary points of the Heck—Cassar protocol

mechanism. (a) Energy profile with iodide as the counterion. (b) Energy profile with triflate as the
counterion.

The Pd-OTf bond is weaker than the Pd-I bond and easily dissociates even in the
presence of a ligand such as DMF. For this reason, we started the Gibbs energy profile
of the mechanism from ngg with DMF instead of TfO- as the Pd(Il) ligand. Based on
experimental 3P NMR data, the key initial step was the formation of the complex Rg
with two TMGs coordinated to the metal. Coordination of the first TMG stabilised the
cationic complex by —2.9 kcal/ mol ( A G between BS(T)Z and Rd). Similar to the previous

mechanism, the second TMG replaces one of the PPhsligands, with a Gibbs free energy
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of 24.0 kcal/mol, to give the isomer Rg, corresponding to the rate-determining step of the
process (TS0°T!). The carbopalladation of the acetylene into Rg takes place with an
energy barrier of 20.0 kcal/mol. This transition state energy barrier from Rg to TS1°™ is
lower than the one previously calculated for the corresponding mechanism step from
the iodide complex Ra. Interestingly, the average distance between the sp carbons of the
alkyne and the palladium complex in TS1' was 2.40-2.47 A, while for TS1°T, a distance
of 2.62-2.92 A was sufficient to activate the C—H bond, creating a lower stressful steric
interaction. Analogous to the mechanism outlined for the iodide, after TS1°™, all of the
other reaction steps required lower activation energies: the TMG base, which had just
come out of the coordination sphere in TS1°T, deprotonates the acetylene, favouring the
switch from the 7 complex S to the o0 complex T with an activation energy of only 4.3
kcal/mol. This process is highly favoured because it leads to the more stable complex T
and subsequently to the intermediate C through the displacement of TMG by the
phosphine with a A G energy of 15.8 kcal/mol. The cis/trans isomerization of complex C
was not discussed since it is not relevant for the reaction mechanism and can only affect
the kinetic of the RE being the trans isomer more stable and unable to generate the final
product. With both halide and triflate, the DFT calculation showed that the
phenylacetylene insertion to the complex R is thermodynamically favoured over the
direct coordination to B. This result is consistent with the experimental data described
in Figure 31. The formation of complex R and C is accelerated by the excess of reagents
being both bimolecular processes. In fact, the base and the alkyne are always present in
large excess with respect to the Pd(II) complexes in a catalytic reaction. The proposed
reaction mechanism is described in Figure 35. In the presence of a halide as a counterion,
the direct coordination of the alkyne took place in a neutral complex G (Figure 35a),
while with triflate, the coordination took place in a cationic complex S (Figure 35b).
Concerning the overall reaction rate-determining step, with iodides, the oxidative
addition and the coordination of the alkyne transition states have similar energy
requirements, around 17-20 kcal/moll'#¢1%]. On the contrary, for bromides, chlorides, and
triflates, the oxidative addition is by far the most demanding step, with an energy higher
than 30 kcal/mol?®! and higher than that of the acetylene carbopalladation TS1B+CLOT,
which in our calculations turns out to be just 2023 kcal/mol.
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a. Neutral Mechanism (X=I, Br, Cl)
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b. Cationic Mechanism (X=0Tf)
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Figure 35. HCS copper-free reaction mechanisms according to the neutral (a) or cationic (b) route.

2.1.3. Conclusion
The investigation of the fate of palladium complexes mimicking operative

catalytic conditions was crucial to understand the copper-free HCS reaction mechanism.
Palladium species are highly reactive and can undergo side reactions that have the
potential to significantly influence the outcome of the reaction and affect data
interpretation. In this study, we demonstrated that the bis acetylene Pd(II) complex M,
suggested by Kosmrlj and co-workers as a key intermediate in the catalytic cycle!™¥, is
not involved in a standard HCS copper-free reaction. In fact, this complex is unstable
and cannot compete with the direct coordination process of the alkyne, which is faster
and more efficient than the Pd(II)-Pd(Il) transmetalation mechanism. The complex M
can be formed and participate in the formation of Pd(0) if the pre-catalyst reduction
process is not efficient, forming the homocoupling species as a by-product. The result is
independent of the leaving group, solvent, alkyne or temperature used. Furthermore,
we have investigated the presence of secondary organic amines in the copper-free Heck-
Cassar-Songashira protocol to understand their fundamental role in promoting pre-
catalyst reduction and entering the coordination sphere of the metal. Experimental
results showed that under catalytic conditions, the large excess of secondary amines with
respect to the palladium metal and the phosphine ligand influences the Pd(II) complexes
and their fate. Theoretical calculations and experimental results showed that there are
two different catalytic cycles depending on the type of counterion involved: (i) with the
halide as counterion, the mechanism involves the coordination of the alkyne in a neutral
Pd(I) complex; (ii) with the triflate, which is completely dissociated from the metal, two
molecules of the secondary amine enter the palladium coordination sphere, promoting

the coordination of the alkyne in a cationic Pd(II) complex.
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This study has identified the role of each component (e.g. ligand, base, leaving
group, alkyne, temperature) in the HCS reaction and will hopefully guide chemists in
developing optimised protocols to minimise reagent excess, by-product formation and

palladium loading.
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2.1.4. Experimental Section

2.1.4.1. General Information

Commercially available reagents (reagent grade, >99%) were purchased from Sigma
Aldrich, Fluorochem and TCI Chemicals and used without any further purification.
Solvents (dichloromethane (DCM), tetrahydrofuran (THF), toluene, deuterated N,N-
Dimethylformamide (DMF-d7), deuterated chloroform (CDCls), ethyl acetate (EtOAc),
cyclohexane (Cy), N-Methyl-2-pyrrolidone (NMP), N-Butyl-2-pyrrolidone (NBP), 1-(2-
Hydroxyethyl)-2-pyrrolidone (HEP), Ethanol (EtOH), acetonitrile (ACN) are
commercially available and solvent for reaction were used after degassing.
Tetrakis(triphenylphosphine)palladium Pd(PPhs)s, bis(triphenylphosphine)palladium
chloride(Il) PdClx(PPhs). 1,1'-Bis(diphenylphosphino)ferrocene] palladio(II)dichloride
PdCl(dppf), Bis(acetonitrile)dichloropalladium(Il) PdCl2(ACN)., triphenylphospine
(PPh3), 3-Bis(diphenylphosphino)propane (dppp) and 1,1-
Bis(diphenylphosphino)ferrocene (dppf) from FaggiEnrico (Italy).

H NMR, C NMR and 3'P NMR spectra were recorded on Varian 400-MR (400 MHz)
(equipped with autoswitchable PFG probe) and Bruker Avance Neo 600 MHz (equipped
with CryoProbe Prodigy Broadband 5mm) spectrometers. NMR multiplicities are
abbreviated as follows: s = singlet, d = doublet, t =triplet, q = quartet, spt = septet, m =
multiplet, bs =broad signal. Coupling constants J are given in Hz. All '"H and *C chemical
shifts are calibrated to residual protic-solvents and all 3'P chemical shifts are referenced
to external 85% phosphoric acid (0 = 0 ppm). HPLC-UV analysis were recorded with an
Agilent 1260 InfinityLab instrument. Column: Zorbax® SB-C18; particle size 5 um; pore
size 100 A; length 250 mm, internal diameter: 4.6 mm. Mobile phase A: H2O, mobile
phase B: ACN. Gradient (Time(min), %B): 0, 80; 25, 80; 28, 10; 30, 10; flow 0.5 mL min-

Icolumn temperature 30°C; injection volume: 10 pL. GC-MS analysis were recorded with
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a Hewlett-Packard 5971 spectrometer with GC injection and EI ionization at 70 eV
coupled with an Agilent Technologies MSD1100 single-quadrupole mass spectrometer,
reported as: m/z (rel. intensity). High-Resolution transmission electron microscopy (HR-
TEM) images were acquired on a ThermoFischer Talos F200X operated at 200 kV, which
is equipped with an extreme field emission gun (FEG) electron source and Super-X
Energy Dispersive X-ray Spectroscopy (EDS) system for chemical analysis. HRMS
spectra were obtained with a G2XS QTof mass spectrometer using either ESI. Room
temperature (rt) refers to the ambient temperature of the laboratory, ranging from 22 °C
to 26 °C.

2.1.4.2. Palladium species
Table 6. 3'P NMR chemical shift in DMF-d7 and CDCls of palladium species.

Entry Compound DMF-d, 5 (ppm) coc,
1 Pd(PPh,), 26.00 28.25
2 Pd(PPh,), 24.84 23.85
3 Pd(PPh,), 34.33 33.78
4 PPh, -4.83 -5.46
5 OPPh, 26.00 29.70
6 PdCl,(PPhy), 24.85 23.86
7 complex L 24.06 23.43
8 complex M 27.19 26.56
9 complex Cyo, 28.05 27.53
10 complex By, 23.43 23.17
11 complex Ble 2281 2253
12 complex BR, 2467 24.08
13 complex By, 24.93 24.18
14 complex BRg! 22.53 -
15 complex Bl 23.79 24.15
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Figure 36. 3P NMR spectra of: a) Pd(PPhs)s in DMF-d7, b) Pd(PPhs): with the addition of PPhs, c) Pd(PPhs)s
in CDCls, d) Triphenylphosphine oxide (OPPhs) and Triphenylphosphine (PPhs) in DMF-d7, e) OPPhs in
CDCls, f) PACl2(PPhs)2 in DMEF-dz, g) PACl2(PPhs)2 in CDCls
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Figure 37.3'P NMR spectra of the complex L in DMF-d~ (a) and in CDCls (b).
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Figure 38. 3'P NMR spectra of the complex M in DMF-d7 (a) and in CDCIs (b).
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Figure 39. 3'P NMR spectra of the complex trans-C in DMF-d7 (a) and in CDCls )
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Figure 40. 3'P NMR spectra of the complex Bllwzin DMEF-d7 (a) and in CDCls (b).
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Figure 41. 3'P NMR spectra of the complex Bl;.in DMF-d7 (a) and in CDCls (b).
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Figure 42.3'P NMR spectra of the complex Bg{)zin DMF-d7 (a) and in CDCls (b).
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Figure 43. 3P NMR spectra of the complex BSy ,in DMF-d7 (a) and in CDCls (b).
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Figure 44. 3P NMR spectra of the complex B%g in DMF-d7 (a) and in CDCls (b).

57



CHAPTER 2

Entry 15, Table 6
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Figure 45. 3'P NMR spectra of the complex By, in DMF-d7 (a) and in CDCls (b).

2.1.4.3. Synthesis of palladium complexes
e Synthesis of OA complex By, "

NP

¢ b

|
02N@| + Pd(PPhg)y ———> oZN@Pd—|
Toluene, rt d “

1h ¢ ¥ PPhg

Tnoz Blvoz
To an oven-dried 20 mL Schlenk purged under argon atmosphere, a mixture of 1-Iodo-
4-nitrobenzene 1noz (423 mg, 1.7 mmol, 2.46 equiv) and Pd(PPhs)s (798 mg, 0.69 mmol, 1
equiv) was stirred in degassed toluene (13 mL), in the dark for 1 h at room temperature.
The reaction mixture was filtered and the crude was washed with diethyl ether (Et20) to
obtain the pure product (564 mg, 93 %) as a white solid.
H NMR (600 MHz, CDCls): 6 7.56-7.53 (m, 12H, Hb-Hf); 7.36-7.33 (m, 6H, Hd); 7.27-7.25
(m, 12H, Hc-He); 7.02-7.01 (d, J=6 Hz 2H, Hc'-He’); 6.85-6.84 (m, 2H, Hb’-Hf")
BCNMR (151.2 MHz, CDCls):  177.07 (s, Cd’); 143.84 (t, J=1.51 Hz, Ca’); 135.96 (t, ]=4.53
Hz, Cb’-Cf’), 134.94 (t, 6.05 Hz, Cb-Cf), 131.49 (t, J=24.2 Hz, Ca), 130.37 (s, Cd), 128.10 (t,
J=4.53, Cc-Ce), 120.95 (t, Cc’-C¢’).
3P NMR (242.4 MHz, CDCls): 0 +23.17 (s)
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e Synthesis of OA complex B,

e f b
Me—< %| + Pd(PPhy), — > ¢ |
Toluene, rt H3C—f 7 Pd—l

\
2h ¢ ¥ Pph,

Tme B'me
To an oven-dried 20 mL Schlenk purged under argon atmosphere, a mixture of 4-
Iodotoluene 1Ime (457 mg, 2.09 mmol, 2.46 equiv) and Pd(PPhs)s (982 mg, 0.85 mmol, 1
equiv) was stirred in degassed toluene (11.5 mL), in the dark for 2 h at room temperature.
The reaction mixture was filtered, and the crude was washed with diethyl ether to obtain
the pure product (671 mg, 93 %) as a white solid.
TH NMR (600 MHz, CDCls): 0 7.50-7.19 (m, 12H, Hb-Hf); 7.31-7.18 (m, 6H, Hd); 7.23-7.19
(m, 12H, Hc-He); 6.40-6.38 (d, J=4 Hz 2H, Hb’-H{f’); 6.06-6.05 (m, 2H, Hc'-He’); 1.92 (s,
3H, Hg).
13C NMR (151.2 MHz, CDCI3): 6 152.7 (t, ]=1.51 Hz, Ca’), 135.5 (t, J=4.53 Hz, Cb’-Cf’),
134.9 (t, 6.05 Hz, Cb-Cf), 132.2 (t, J=1.51 Hz, Ca’), 129.6 (s, Cd), 130.9 (s, Cd’), 128.9 (t, Cc’-
Ce’),127.7 (t, ] =5.0 Hz, (t, ]=4.53, Cc-Ce), 20.1 (Cg’);
31 P NMR (242.4 MHz, CDCls): & +22.53 (s)

e Synthesis of OA complex 31%52[194]

SNpe)
OZN@Br +  Pd(PPhs), T

Toluene, 60°C |
—Pd—Br

5h O N—
< v PPh,
B B
Tnoz Bloz

To an oven-dried 20 mL Schlenk purged under argon atmosphere, a mixture of 1-Bromo-
4-nitrobenzene 15§ , (274 mg, 1.35 mmol, 2.46 equiv) and Pd(PPhs): (634 mg, 0.55 mmol,
1 equiv) was stirred in degassed toluene (13 mL). The reaction mixture was heated to
60°C with an oil bath and stirred for 5 h. The reaction mixture was filtered, and the crude
was washed with diethyl ether to obtain pure product (411 mg, 90 %) as a white solid.
TH NMR (600 MHz, CDCls): d 7.56-7.53 (m, 12H, Hb-Hf); 7.36-7.34 (m, 6H, Hd); 7.28-7.25
(m, 12H, Hc-He); 7.02-7.00 (d, ]=12 Hz, 2H, Hc'-He'); 6.87-6.86 (m, 2H, Hb’-Hf")
BCNMR (151.2 MHz, CDCls): d 174.27 (s, Cd’); 143.67 (t, J=1.51 Hz, Ca’); 136.06 (t, ]=4.54
Hz, Cb’-Ct"), 134.66 (t, 6.05 Hz, Cb-Cf), 130.69 (t, J=24.2 Hz, Ca), 130.26 (s, Cd), 128.07 (t,
J=4.54, Cc-Ce), 120.80 (t, Cc’-Ce’).

3P NMR (242.4 MHz, CDCls): d +24.08 (s)
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¢ Synthesis of OA complex Bﬁloz[z"l]

PPhs ot

| |
OZNOPde + EtyNCIl ————— OoN—; —Pd—Cl + EYNI

| DCM, tt, 7"

PPhg 12 h ¢ PPhg

B'noz B!

NO2
To an oven-dried 20 mL Schlenk purged under argon atmosphere, a mixture of
Pd(PPhs)2(PhNO2)I vaoz (105 mg, 0.12 mmol, 1 equiv) and EtsNCI (40 mg, 0.24 mmol, 2
equiv) was stirred in DCM (1.2 mL) for 12 h at room temperature. The reaction mixture
was filtered, washed with toluene (1 mL) and concentrated to 1 mL under reduced
pressure. Hexane (1 mL) was added dropwise and the precipitated was filtered. In order
to obtain BgloZ as white solid, the precipitate was washed with hexane and ethanol and
dried under vacuum (94 mg, 80%).

H NMR (600 MHz, CDCls): 6 7.55-7.52 (m, 12H, Hb-Hf); 7.36-7.34 (m, 6H, Hd); 7.27-7.25
(m, 12H, Hc-He); 7.01-6.99 (d, J=12 Hz, 2H, Hc'-He'); 6.87-6.86 (m, 2H, Hb’-Hf")
3CNMR (151.2 MHz, CDCls): d 172.56 (s, Cd’); 143.77 (t, J=1.51 Hz, Ca’); 136.40 (t, ]=4.53
Hz, Cb’-Cf’), 134.68 (t, 6.05 Hz, Cb-Cf), 130.52 (t, J=24.2 Hz, Ca), 130.41 (s, Cd), 128.27 (t,
J=4.53, Cc-Ce), 120.85 (t, Cc’-Ce’).

%1 P NMR (242.4 MHz, CDCls): d +24.18 (s)

e Synthesis of OA complex B})Me[lg“']

) e f IT b
Meo4: >fl + PdPPhy), — > ¢
Toluene, rt H3CO—; - Pd—l

|
2h < ¥ Pph,

16me B'ome
To an oven-dried 20 mL Schlenk purged under argon atmosphere, a mixture of 4-
iodoanisole 1%y(397 mg, 1.7 mmol, 2.46 equiv) and Pd(PPhs)s (798 mg, 0.69 mmol, 1
equiv was stirred in degassed toluene (13 mL), in the dark for 2 h at room temperature.
The reaction mixture was filtered, and the crude was washed with diethyl ether to obtain
the pure product (543 mg, 91 %) as a white solid.
'H NMR (400 MHz, CDCls): 6 7.52-7.48 (m, 12H, Hb-Hf); 7.33-7.30 (m, 6H, Hd); 7.26-7.21
(m, 12H, Hc-He); 6.42-6.40 (d, J=4 Hz 2H, Hb’-Hf’); 6.08-6.07 (m, 2H, Hc'-He’); 1.92 (s,
3H, Hg).
13C NMR (100.8 MHz, CDCls): 0 152.90 (s, Ca’); 135.59 (t, J=5.04 MHz, Cb’-Ct); 135.04 (t,
J=7.06 MHz, Cb-Cf); 132.33 (t, ]=23.18 MHz, Ca); 131.08 (s, Cd"); 129.74 (s, Cd); 129.07 (s,
Cc'-Ce’); 127.82 (t, J=5.04 MHz, Cc-Ce); 22.24 (s, Cg’).
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3P NMR (161.6 MHz, CDCls):  +23.43 (s)
e Synthesis of OA complex Byg: 2

Q%:@i

PPhs ¢ P °

| / |
OZNOPd—l + AgOTf ————> 02N—G®;Pd* OTf  + Agl

| THF, 1h, |

PPh, rt ¢ ® PPhg

B'noz Boy

To an oven-dried 20 mL Schlenk purged under argon atmosphere, a mixture of
Pd(PPhs)2(PhNO2)I B}\IOZ (60 mg, 0.068 mmol, 1 eqiuv) and Silver
trifluoromethanesulfonate (AgOTf) (18 mg, 0.072 mmol, 1.06 equiv) was stirred in THF
(2 mL) for 1 h at room temperature in the dark. The reaction mixture was filtered through
a pad of celite, washed with THF and concentrated to 0.5 mL of solvent under reduced
pressure. The THF solution was layered with hexane and allowed to rest at -24° C
overnight. The precipitated was filtered to obtain the pure product as white solid (13 mg,
20%).

'H NMR (400 MHz, DMF-d»): d 7.60-7.53 (m, 30H, Hb-Hc-Hd-He-Hf); 7.32-7.30 (m, 6H,
Hd); 7.32-7.15 (m, 4H, Hb’-Hc'-He’-Hf’). Spectroscopic data matches with the
literaturel1?”]

3P NMR (161.6 MHz, DME-dr): d +22.53 (s). Spectroscopic data matches with the
literaturel!?”]

F NMR (377 MHz, DMF-dy): d -74.37

e Synthesis of Complex L1

2a g Pd(PPhs), =\ ¢
—_— = — —— ¢ o= Pd—I + EgNI
= Toluene g

: \
rt, 24h ¢ PPh;

(0]

ot ()
N Toluene,

H 0.5h

6 L

The reaction was performed in presence of 12(2.80 g, 11 mmol, 1.1 equiv) and morpholine
(2.62 mL, 30 mmol, 3 equiv) in toluene (12 mL) for 30 min at room temperature. After the
formation of an orange solution, phenylacetylene 2a (1.10 mL, 10 mmol, 1 equiv) diluted
in toluene (18 mL) was added dropwise and the mixture was stirred at 45°C for 24 h.
After the filtration and washing with diethyl ether, the organic phase was washed with
NHiClag, NaHCOs@q and water. After drying with Na2SOs, the solvent was removed
under reduce pressure to obtain 6 (1.35 g, 60%) as a brown oil.

'H NMR (600 MHz, CDCls): 0 7.47-7.46 (m, 2H, Hb’-Hf’); 7.35-7.32 (m, 3H, Hc’-Hd’-He’).
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13C NMR (151.2 MHz, CDCL): d 132.39 (s, Cb’-Cf’); 128.88 (s, Cd’); 128.32 (s, Cc’-Ce’);
127.48 (s, Ca’), 123.43 (s, Cg’); 94.23 (s, Ch')

To an oven-dried 20 mL Schlenk purged under argon atmosphere, a mixture of 6 (675
mg, 2.96 mmol, 1.1 equiv) and tetrakis(triphenylphosphine)palladium(0) (3.11 mg, 2.69
mmol, 1 equiv) was stirred in degassed toluene (25 mL), in the darkness for 24h at room
temperature. The reaction mixture was filtered, and the crude was washed with diethyl
ether to obtain pure product (2.15 mg, 80 %) as a white solid.

H NMR (600 MHz, CDCls): d 7.78-7.76 (m, 12H, Hb-Hf); 7.41-7.35 (m, 18H, Hc-Hd-He);
6.91-6.89 (m, 1H, Hd"); 6.86-6.83 (m, 2H, Hc’-He"); 6.09-6.08 (m, 2H, Hb’-Hf").

13C NMR (151.2 MHz, CDCls): 6 135.16 (t, J= 6.05 Hz, Cb-Cf); 132.79 (t, ]=24.2 Hz, Ca);
130.66 (t, J=1.51 Hz, Cb’-Cf"); 130.27 (s, Cd); 127.97 (t, J=4.53, Cc-Ce); 127.34 (s, Ca’); 127.17
(s, Cc’-Ce’); 125.27 (s, Cd’); 109.67 (t, J=6.05 Hz, Cg’); 101.57 (t, ]=13.61 Hz, Ch’).

3P NMR (242.4 MHz, CDCls): d +23.43 (s)

e  Synthesis of Complex M7

\ |

PPhs NaOH (0.2 M MeOH) y g
a . e N '
O=F - Or= =0
! — 16 h, rt ‘ '
L 2a

PPhj b PPhg
M

To an oven-dried 20 mL Schlenk purged under argon atmosphere, a mixture of complex
L (240 mg, 0.28 mmol, 1 equiv) and phenylacetylene 2a (396 uL, 3.57 mmol, 12.78 equiv)
and 0.2 M NaOH in methanol (7 mL) was stirred for 16 h at room temperature. The
reaction mixture was filtered, and the crude was washed with water and methanol to
obtain pure product (207 mg, 89 %) as a white solid.

'H NMR (600 MHz, CDCls): 6 7.84-7.81 (m, 12H, Hb-Hf); 7.41-7.38 (m, 6H, Hd); 7.36-7.33
(m, 12H, Hc-He); 6.92-6.91 (m, 6H, Hc'-Hd'-He’); 6.34-6.32 (m, 4H, Hb’-Hf")

3C NMR (151.2 MHz, CDCls): 6 135.14 (t, J= 6.05 Hz, Cb-Cf); 132.66 (t, ]=24.2 Hz, Ca);
130.91 (s, Cb’-Cf’); 130.09 (s, Cd); 128.23 (t, ]= 1.51 Hz, Ca’); 128.02 (t, ]=4.54 Hz, Cc-Ce);
127.20 (s, Cc’-Ce’); 124.86 (s, Cd’); 114.90 (t, ]=4.53 Hz, Cg’); 113.74 (t, ]=16.63 Hz, Ch’)
3P NMR (242.4 MHz, CDCls):  +26.56 (s)

e  Synthesis of Complex trans-C

Pd(PPh3)4

NaOMe (2.6 eq) PPh;

02N4@—I + }@ OQNOHd%Q + other products
DMF, 50°C, 3 min PPhs
1 2a trans-C
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To an oven-dried 20 mL Schlenk purged under argon atmosphere, Pd(PPhs)s (578 mg,
0.5 mmol, 1 equiv) was dissolved in degassed DMF-d. The other reagents were added
in the following order: 1-lodo-4-nitrobenzene 1 (249 mg, 1 mmol, 2 equiv),
phenylacetylene 2a (142.8 uL, 1.3 mmol, 2.6 equiv) and sodium methoxide (70 mg, 1.3
mmol, 2.6 equiv). After 3 minutes, an aliquot was collected and immediately analyzed
by 3P NMR. The isolation of complex trans-C was not possible, according to the data
reported in literature®.

3P NMR (242.4 MHz, CDCls): d +27.56 (s)

2.1.4.4. Pd(II) reduction with base and PPhs

To an oven-dried 20 mL Schlenk purged under argon atmosphere, the pre-catalyst
PdCl2(PPhs)2 (9.12 mg, 0.013 mmol, 1 equiv.) was dissolved in degassed solvent (0.6 mL).
The base (0.026 mmol, 2 equiv.), triphenylphosphine (6.81 mg, 0.026 mmol, 2 equiv.) and
triethyl phosphonoacetate as internal standard (0.0065 mmol, 0.5 equiv) were added. The
reaction was stirred at room temperature and after 10 minutes, the 3P NMR spectra were
collected (see Table 2).

The PdCl2(PPhs): reduction with TMG (2 equiv.) with and without 2 equiv. of PPhsin
DMF-drat 25°C is taken as an example.

—N8
—20%

Pd(PPh,),Cl,

=

100
324

T T T T T T T T T
40 35 30 25 20 15 10 5 o -5
f1 (oom)

Figure 46. 3'P nmr spectrum of Pd(PPhs)2Cl2 (1 equiv) and the internal standard IS triethyl phosphonoacetate
(1 equiv) to know their integration ratio under the same setting used for all the experiments (d1=1, nt=256).
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] LRESH B B PdCI(PPh,y), + TMG (2 eq)
)7 Pt 99 S D]
rt, 10 min
18 10 8 6 4 2 o =2 -4 -6

16 14 12
f1 (ppm)
b) +PPh; (2 eq)

PACL,(PPhy), + TMG (2 eq)
DMF-d7

rt, 10 min

Pd(PPh;);

T T T T T T T T T
16 14 12 10 8 6 4 2 o 2 -4 -6
f1 (ppm)

2497

) + NO,Phl (1eq) %
|

PdCl,(PPh3), + TMG (2 eq) + PPh; (2 eq)

DMF-d;
rt, 10 min

B*

PPh,

J

T T T T T T T T T
10 8 6 4 2 o] -2 -4 -6

34 32 30 28 26 24 22 20 18 16 _ 14 12
f1 (ppm)

Figure 47. 3P NMR spectra of the reduction of PdCl2(PPhs)z in DMF-dz with TMG 2 equiv. The peak labelled
in green is supposed to be (TMG)Pd’(PPhs), but the complex is not isolable. (a); with TMG (2 equiv) and
PPhs (2 equiv) (b); with TMG 2 eq, PPhs (2 equiv) and the reagent 4-NO2Phl (1 equiv) to show that the
reduction of Pd(Il) was complete, (c).

2.1.4.5. PA(II) reduction in presence of phenylacetylene, with and without PPhs

To an oven-dried 20 mL Schlenk purged under argon atmosphere, the pre-catalyst
PdClz(PPhs)2 (9.12 mg, 0.013 mmol, 1 equiv) was dissolved in degassed CDCls (0.6 mL).
Base (0.65 mmol, 50 equiv), phenylacetylene 2a (71.38 pL, 0.65 mmol, 50 equiv) and
triphenylphosphine (6.81 mg, 0.026 mmol, 2 equiv) were added. The reaction was stirred
at room temperature and 3P NMR spectra were collected after 10 minutes.

(see Figure 25 and Figure 26).
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2.1.4.6. Heck-Cassar reaction with Palladium (II) and Palladium (0)

General procedure for the HCS reaction with Palladium (II)

Pd"'Cly(PPhs),
OZN—< :}—I + </ ] (Ligand) O,N Q = O
— Base
Solvent, rt
1 2a 3a

To an oven-dried 10 mL Schlenk purged under N2 atmosphere, PACl2(PPhs)z (20% mmol)
and PPhs (40% mmol) were dissolved in the degassed solvent (1 ml). After the addition
of 1-lodo-4-nitrobenzene 1 (124.5 mg, 0.5 mmol, 1 equiv), phenylacetylene 2a (60 pL,
0.55, 1.1 equiv) and the base (2 equiv), the reaction mixture was stirred at room
temperature. After a given time, the 3P NMR spectra were collected to detect which
species were formed. The reactions were performed in DMF-dzand in CDCls with TMG
and pyrrolidine. The reaction performed in DMF-d7 with TMG is shown in Figure 27.

a) TMG, CDCls

a)

® & R R =]

/] & R A 5] PdCI3(PPhz)a (20 mmol%)

I ! 1 o._N_Q_u.Q_:;.:;,‘N:
TMG (2 eq)
©DCl, 1t

OPPhs 1 2a 1h 3Ja

c
M

R

1 B

J\.u h

34 32 30 28 26 24 22 20 18 1 10 8 6 4 2 o -2 -4 -6 =

6 14 12
b) f1 (ppm)
PACI,(PPhs}, (20 mmol%)
8 PPhy (40 mmol%)
OPPh, I 32"—©—' . @—: —_——————= o Q = O

TMG (2 eq)
COCl;, 1t

1 2a 1ih 3a

B

i .

T T T T T T T T T T T T T T T T T T T T T 1
34 32 30 28 26 24 22 20 18 16 14 12 10 8 6 4 2 o -2 -4 -6 -
f1 (ppm)

Figure 48. Stacking of 3P NMR spectra after 1 h of the reaction between 1 and 2a in CDCls, with TMG 2
equiv (a); with TMG 2 equiv and 40 mmol% of PPhs (b).
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b) Pyrrolidine, DMF-d7

& Hrid PACH(PPha}z (20 mmal) _
20N D:N—QI . @—: o 7N =
Pyrrolidine (2 eq) — ( />
DMF, it
OPPh; 1 2a 1h 3a
R c
| M

6 34 32 30 28 26 24 22 20 18 16 2 10 8 & 4 2 [} -2 -4 -6

PACIx(PFha)a (20 mmol%)

OPPh;, PPhs (40 mmol%)
al o O I V=)
Pyrrolidine (2 eq)
DMF, rt
1 2a n 3a
C
B* PPh,

& 34 32 30 28 26 24 22 20 18 1 10 8 6 4 2 ] -2 -4 -6

® 1 oo
Figure 49. Stacking of 3P NMR spectra after 1 h of the reaction between 1 and 2a in DMF-d7, with PYR 2
equiv (a); with PYR 2 equiv and 40 mmol% of PPhs (b).

a) Pyrrolidine, CDCls

a & @ A2 = PACIx{PPhz)z (20 mmol% |
| I [ I Pyrralidine (2 eq) N -
CDClg, it
1 2a i 3a
C

B
y
A
1 : : : : T T : : v . T T 1 : : : T 1 : : )
34 32 30 28 [26 24 22 20 18 16 14 12 10 & 6 4 2 0 -2 -4 -6 -
OPPh 1B f1 (ppm) PACI(PPha)z (20 mmol%)
b) 3 & PPh; (40 mmol%)
I om—@—\ f < :)—: on— =
Pyrrolidine (2 eq) —
C cOCly, it
1 2a i 3a
B*
" B PPh,
- L AN

6 34 32 30 28 26 24 22 20 10 8 6 4 2 0 -2 -4 -6 =

e oy’
Figure 50. Stacking of P NMR spectra after 1 h of the reaction between 1 and 2a in CDCls, with PYR 2 equiv
(a); with PYR 2 equiv and 40 mmol% of PPhs (b).
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General procedure for the HCS reaction with Palladium (0)

j PdO(PPh3)4 (20 mmol%)
w0+ = o=
— Base

DMF (0.5 M)

1 2a 3

To an oven-dried 10 mL Schlenk purged wunder N: atmosphere,
Tetrakis(triphenylphosphine)palladium(0) (20% mmol) was dissolved in degassed DMEF-
ds. After the addition of 1-lodo-4-nitrobenzene 1 (124.5 mg, 0.5 mmol, 1 equiv),
phenylacetylene 2a (60 pL, 0.55, 1.1 equiv) and the base, the reaction mixture was stirred
at room temperature. After a given time, the 3P NMR spectra were collected to detect
which species were formed.
a) TMG, DMF-d;

7\ Pd(PPhgz), (20 mmol%)
) + = o+ =)
— Pyrrolidine (2 eq)

DMF-d7 (0.5 M), 30°C

1 2a 3a
a) t=15 min
= 3 = 2 i3 2
= & 9 g e 3
| | | | | |
B
OPPh,
Pd(PPh;),
PPh;
R
Pd(PPh;),
6 34 32 30 28 26 24 22 20 18 16 _ 14 12 10 8 6 4 2 0o -2 -4 -6
f1 (ppm)
b)t=2 h
) OPPh;
Pd(PPh;),
B
C
Pd(PPh;), R PPh;
‘6 3‘4 3‘2 3‘0 2‘8 2‘6 2‘4 2‘2 2‘0 llS il6 1‘4 1‘2 1‘0 8I é ; é Cli I2 11 7I6
f1 (ppm)
c)t=4h
6 34 3 30 28 26 24 2 20 18 16 14 12 10 8 & 4 3 o o -4

1 oy
Figure 51. Stacking of 3'P NMR spectra of the reaction between 1 and 2a in DMF-d7 using TMG after 15 min
(a); 1h (b);4h (c).
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b) Pyrrolidine, DMF-dz

Pd(PPh 20 1%
n O+ D= B o (= ()

Pyrrolidine (2 eq) 7
DMF-d7 (0.5 M), 30°C

-

2a 3a

PPh,
a)t=4h &

—2802
—2%3
2343

OPPh,
Pd(PPh,),

LJL 1

T T T
24 22 20 18

16 14 12
f1 (ppm)
b)t=24h

]

T T T T T T T u T
6 34 32 30 28 26 24 22 20 18

16 14 12 10 8 6 4 2 0 -2 -4 -6
1 (ppm)

Figure 52. Stacking of 3'P NMR spectra of the reaction between 1 and 2a in DMF-d~ using PYR after
4 h (a) and 24 h (b).

2.1.4.7. Direct coordination versus transmetalation

Procedure for the Transmetalation step:

The reaction was performed in an oven-dried NMR tube purged under nitrogen
atmosphere. The complexes B}\IOZ (15.8 mg, 0.018 mmol, 1 equiv) and M (15 mg, 0.0.18
mmol, 1 equiv) were dissolved in CDCls (0.750 mL). The mixture was let at room
temperature and monitored by 'H and 3'P NMR spectroscopy at intervals of 20 minutes
for 7 hours using tert-butyl methyl ether (TBME) as internal standard. The reaction was

repeated three times with consistent results. The following NMR spectra belong to one

experiment and are given as examples.

PPhg

| | — TBME
O - O=1=C0 o=
CDCl; (0.024 M)
PPh
PPh; 3 2500
BINl)2 M

3NDZ
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'H NMR spectra:
cpcl, 55 DCM 3 TBME
v TBME
Broz
Brp:
BNOZ
BNO!
| H,0
Et,0
.L\ ML J L | 1 1_._‘
335as 5
8&s 80 75 70 65 60 55 S50 45 40 35 30 25 20 15 10 05 o0
ppm
Figure 53."H NMR spectrum before the addition of M (t=0).
M M M+Byo; M M DCM TBME TBME
BND!
BNO!
H,0
Et,0
IR % | N I ¥ R
il W i L) I \ U 40 min
. 1) | L LJ 0 i
|8l 1 I
v LLLJLA lj U _LJ 1 Jl_,)\ﬂmm
JUL,L JL 1_J 1 U 440 min

8.0 7.5 7.0 6.5 6.0 5.5

5.0

45

4.0 35 3.0 25

Figure 54. Stacking of 'H NMR spectra of the stoichiometric reaction between B;,OZ and M in CDCls at

several times.
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H NMR Byyo,+M (600 MHz, CDCI;), t=340 min

TBME
= W J | [
I U | L
¥ ¥
8 ]
& £
BIE S.IO 7:5 7:(] ﬁ.IS 6:(] E:E Slﬂ 4:5 4:D 3.‘5 3..0 2:5 2.‘0 115 l.l() D:S 0:(] <d.5 —1'
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Figure 55. '"H NMR spectrum of the stoichiometric reaction between B;\IOZ and M in CDCls after 340 min as
an example

3P NMR spectra
BMﬂl
6 34 32 30 28 26 24 22 20 l‘B 16 14 12 10 8 6 4 2 0 2 4 -6 =
Figure 56.3'P NMR spectrum before the addition of M (t=0).
M Buoz
2656 2317
L
2343
J 25 min
Pd(PPhs),
33.04
45 min
65 min

. o .

A L 345 min

A J L 445 min
T T T T T T T T T T T T T T T T T T T T T
34 32 30 28 26 24 22 20 18 16 14 12 10 8 6 4 2 0 2 -4 6

Figure 57. Stacking of 3'P NMR spectra of the stoichiometric reaction between B}\,Oz and M in CDCls at several
times
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Procedure for the Direct Coordination step:

The reaction was performed in an oven-dried NMR tube purged under nitrogen
atmosphere. The complex B}\IOZ (15.8 mg, 0.018 mmol, 1 equiv) was dissolved in CDCls
(0.750 mL), followed by the addition of 2a (29 uL from a stock solution of 0.66 M, 0.018
mmol, 1 equiv) and TMG (32.5 pL from a stock solution of 0.66 M, 0.02 mmol, 1.1 equiv).
TBME (1 equiv) was used as internal standard. The mixture was let at room temperature
and monitored by 'H and 3P NMR spectroscopy at intervals of 20 minutes for 7 hours.
The reaction was repeated three times with consistent results. The following NMR

spectra belong to one experiment and are given as examples.

PPh, TBME
| TMG (1.1 eq)
O O= 5 )
PPhy CDCl; (0.024M)
25°C
Bnoz 2a 3no2
'H NMR spectra:
cbal, 25 DCM =
25 7 TBME
v TBME
BNOZ
BBZ
Buoz
BNOZ
' H,0
1 Et,0
J IJI I L 1_._‘
N A
EglBss o
. . S=iv i cd b AN . . : . . e . . ; . . |
85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 05 O

ppm

Figure 58."H NMR spectrum before the addition of 2a and TMG (t=0).
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Buoa Broz DCM TEME 2a TMG TEME

Et,0
| | 1 ) 20 min
N . 1 . J. 40 min,

L1 Lo ) 50 min

ney L_ . JL 180 mip

yu
L ol ey
-

MUL;_‘__.‘.JL&#

8.0 7.5 7.0 6.5 6.0 55 5.0 4.5 4.0 35 3.0 25 20 15 1.0 0.5 0.

Figure 59. Stacking of 'H NMR spectra of the stoichiometric reaction betweenB}\]02 and 2a with TMG in
CDCIs at several times.

H NMR B+2a (600 MHz, CDCl,), t=340 min

TBME

- IV e

o 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0

0,687
123
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Figure 60. "TH NMR spectrum of the stoichiometric reaction between B{\mz and 2a in CDCls after 340 min as
an example.
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3IP NMR spectra:

BMC!Z

Figure 61.3'P NMR spectrum before the addition of 2a and TMG (t=0).

Broz
2317
R PPhy
3099 -a,77
L A 25 min
Pd(PPh;), OPPh; C
33.04 2972 2753 B
45 min

J 65 min

185 min

345 min

445 min
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36 34 32 30 28 26 24 22 20 18

Figure 62. Stacking of 3P NMR spectra of the stoichiometric reaction between B;\mz and 2a with TMG in
CDCIs at several times.
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Figure 63. Conversions (%) of B:\IOZ in product 3yq, averaged over three experiments every 20 minutes.

Reactions between BLOZ and M (green) and BLOZ and 2a (red).

Time [min][BNO2+M" BNO2+M" BNO2+1** [BNO2+M (mean)|aror® emor** eror”** [ENGR12a* BNO2+2a™ BNO2+2a"* BNO2:2a (mean)eror® errr™* emor™=<|
20 3,25 3,19 3,76 3,40 -015 021 036 4,55 4,11 4,10 425 030 -014 0416
40 4,11 4,64 497 4,57 -046 007 040 7,68 7,09 744 740 028 -031 0,03
50 5,00 4,98 521 5,06 -006 0,09 015 10,41 9,99 10,76 10,38 003 -040 037
80 6,06 6,09 6,16 6,10 -004 0,02 006 12,45 11,86 1242 12,24 020 -038 0,18

100 717 715 7,07 7,13 004 002 -0,06 13,19 12,82 13,77 13,26 007 -044 051
120 7,57 7.90 7,66 7.71 -014 019 -0,05 17,54 17,43 16,94 17,30 024 013 037
140 792 7.88 7,89 7,89 002 002 000 20,36 19,82 1949 19,89 047 -007 -040
160 9,37 9,21 9,13 9,24 013 0,03 -011 21,94 21,79 21,69 21,80 013 -001  -012
180 10,95 10,49 997 1047 048 002 -050 23,10 23,02 2312 23,08 002 -006 0,04
200 10,87 10,63 10,73 10,74 013 012 -0,01 24,72 24,21 2430 2441 031 -020 -011
220 11,71 11,75 11,57 11,67 0,03 008 -0,11 25,25 25,08 2498 25,10 015 -003 -013
240 12,37 12,34 12,24 12,32 005 002 -0,07 27,20 27,47 26,71 27,12 007 033 041
260 12,71 13,14 12,84 12,90 -019 0724 -0,06 27,50 27,92 2743 27,61 0,12 031 -019
280 13,59 1350 13,36 1348 011 002 -012 30,20 30,29 30,02 30,17 003 012 -015
300 13,75 1394 13,70 13,80 -005 014 -0,10 32,08 32,94 3191 32,31 0,23 063 -040
320 14,33 14,36 14,27 1432 001 004 -0,05 33,35 33,12 33,15 33,20 015 -009 -0,06
340 14,76 14,62 14,73 14,70 006 009 002 23,64 33,58 33,29 33,70 006 -012 018
260 15,16 1544 15,18 15,26 -010 018 -0,08 24,19 33,99 3421 24,12 006 -014 0,08
380 16,16 1621 15,85 16,07 009 013 -0,22 35,12 34,82 3453 34,82 030 000 -030
400 17,31 17,28 17,28 17,29 002 001 -0,01 36,96 36,64 36,23 36,64 032 000 -032
420 17,80 17,65 17,68 17,71 009 006 -0,03 38,23 38,44 3847 38,38 0,15 006 0,09
440 19,30 19,10 18,95 19,12 018 002 -017 40,45 41,67 4123 41,12 0,66 055 0,11

Figure 64. Errors of each measurement calculated by the difference between the average and calculated value

of the conversion at the same time. Reactions between BLOZ and M (green) and B}\,oz and 2a (red).
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Figure 65. Values of conversions (%) every 20 minutes of reactions repeated three times between BLOZ +M

and BLOZ +2a.

2.1.4.8. Evaluation of the reaction rate

The concentration of the product 3 was calculated was calculated from the average

conversion (%) obtained by the 3P nmr spectra reported above. The value of maximum

rate was determined by considering the range 0-160 min., because after this time side

reactions start to occur. Experimental data were fitted using the curve_fit function of the

free and open-source Python library SciPy. The reaction rates were calculated in each

point obtaining the derivative with the polymer function of the open-source Python
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C(Boa)= Ap + A L+ A 2+ Ag B+ A, 1+ A 15 mig B*M P22 C(Broa)= Ap + A L+ A, 2+ Ag B+ A, 1+ A 15

B 0 301605 520605 B
A, =0,000125 20 218605 432E05 Ap =1,99 E-05
A;=3,01 E-05 40 1,60E05 3,66E-05 A;=5,20 E-05

60 1,22E-05 3,19E-05 _

A, =-2,44 E-O07 80 99%£.06 285605 A;=-2,53 E-07
As=1,29 E-09 100 883E06 2,61E-05 A;=1,16 E09

_ 120 BA3E06 2,44E-05 B
Ay=-3,17 E-12 — 140 8ATEQB 2,31E.05 Ay=-2,88 E-12 s
A.=2,87E15  Vmax(eo= 3,01 E-05 mmol mL* min® 160 871606 220605  Ag=2,72 E-15 Viiax (=0~ 5,20 E-05 mmol mL* min-

fast - slow
Figure 66. Concentration of 3y, calculated at several times within 160 minutes in the reaction between Bll\m2
+M (left) and BYg , +2a (right). The maximum rate and the point at which the rate is highest were obtained
by fitting the values and finding the derivatives.

The same experiments and calculations were carried out for kinetic study for the
reactions Bjye + M and B}y, + 2a with pyrrolidine as base in CDCls, in order to reproduce
exactly the experiments performed by KosSmrlj et al'®l. The results are presented in

Figure 28.

2.1.4.9. The stability of complex M

To an oven-dried NMR tube purged under nitrogen atmosphere, complex M was
dissolved in CDCls and DMF-d7(0.75 mL) at room temperature and at 60° C. TBME was
used as internal standards. After 30 minutes of stirring, the samples were analysed using
H NMR, P NMR, HPLC-UV or GC-MS techniques. The results have already been
reported in Results and Discussion in Table 3.

The evaluation of the complex M stability in DMF-d~at 40°C after 30 minutes is reported

below as an example.

Entry 4, Table 3

PPh,

< > ‘ < > 7 N\
— Pd—=— —
| DMF-d, 30 min — \ 7/
PPh, To60°
M 4
31p NMR (60°C, t=30 min)
Pd(PPhs), OPPh,

34,
—26.

T T T T T T T T T T T T T T
16 14 12 10 8 6 4 2 o -2 -4 -6
f1 (ppm)

Figure 67. 3'P NMR spectrum of M in DMF-d~ at t=60°C after 30 minutes.
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=21.233 &
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‘ %

500
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Figure 68. HPLC chromatogram of complex M at 60°C in DMF-d- after 30 minutes; peak at 5.156 min = DMF;
peak at 7.127 min = OPPhs; peak at 21.233 min = 4

2.1.4.10. Simultaneous competition reaction

General Procedure:

To an oven-dried 10 mL Schlenk purged under N2 atmosphere, AO-complex (0.05 mmol,
1 equiv), M (43.9 mg, 0.05 mmol, 1 equiv), and 2b were dissolved in the solvent (0.375
mL). After the addition of the base (0.1 mmol, 2 equiv), the reaction was stirred for 1 h
and monitored by HPLC-MS and GC-MS technique. The results have been previously
reported in Results and Discussion in Table 4.

The reaction between Bll\mz + M + 2b in CDCls at 25°C with TMG (entry 1, Table 4) and
BI{JOZ + M + 2b in DMEF-dr at 40°C with TMG (entry 7, Table 4) are reported below as
examples.

PPh;

; _ _ P TMG (2 eq) N g
O = O=fe 0 I =S
Ph
3b

PPh; PPh; CDCly, 25°C
Blyos 2 M
1eq 1eq 1eq
DAD1 A, Sig=210 OPPh,
mAU -y
b
©
2500 ‘I
2000
1500 . ‘ 3b
‘ 2
1000 2b ~
| o =
500 n | 8 A\
A I © /
0 L r LA - S S » N . -
T T T r T T T T T T T T T r T T T T r T T T T T T
5 10 15 20 25 min

Peak specie time (min) Area [mAU*s]

1 2b 8,650 1391,4

2 3b 17,091 14807,8

Figure 69. HPLC chromatogram of BII\I02 (1 equiv) + 2b (1 equiv) + M (leq) with TMG in CDClsz at 25°C. Peak

at 6.484 min = OPPhs, peak at 8.650 min = 2b; peak at 17.091 min = 3b. Calculated conversion (RRF=3.96) of
2b into 3b = 73%.
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Figure 70. GC chromatogram of By, , (1 equiv) +2b (1 equiv) + M (1 equiv) with TMG in CDClsat 25°C. Peak
at 5.692 min = TMG, peak at 20.175 min PPhs and peak at 20.772 min = 3b.
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Figure 71. Mass spectrum of 3b (Exact Mass=237.08 g mol" t=21.26 min)
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Figure 72. HPLC chromatogram of BII\I02 (1 equiv) +2b (10 equiv) + M (1leq) with TMG in DMF at 40°C. Peak
at 5.439 min = DMF, peak at 6.858 min = OPPhs, peak at 17.757 min= 2b and peak at 21.268 min = 4a.
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Figure 73. GC chromatogram of Big , (1 equiv) +2b (1 equiv) + M (leq) with TMG in DMF at 40°C. Peak at
19.069 min = 4a, peak at 20.186 min = PPhs and peak at 20.783 min = 3b
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Figure 74. Mass spectrum of 4a (Exact Mass=202.08 g mol-'t=19.069 min)

2.1.4.11. Base effect on AO-complex By

General Procedure:

The reaction was performed in an oven-dried NMR tube purged under nitrogen
atmosphere. The complex By (0.026 mmol, 1 equiv) was dissolved in DMF-d (0.60 mL)
followed by the addition of the TMG, PYR and TEA (10-20-50 equiv). The base effect was
evaluated using P NMR technique. The spectra were collected as soon as after the
addition and after 30 minutes, but the provided the same results. By stands for X=I, Br,
Cl, OTf and y=NO>, Me. The results have been reported above in Results and Discussion
in Table 5.

The TMG (10-20-50 equiv) effect on Blq , in DMF-dis reported below as an example to
show the formation of complexes R. After the addition of TEA, the spectrum was the

same before and after the addition of the base.
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Figure 75. 3'P NMR spectra in DMF-d7 of Bg{,zwith TMG 10 equiv (a); TMG 20 equiv (b) and TMG 50 equiv
(©)

2.1.4.12. Evaluation of the kinetic constants

General procedure!'%]

The equilibrium constant Keq=[Ligand ][XR]/[B][base] was determined in DMF-d- by 3'P
NMR spectroscopy.

To evaluate Keq for the compounds BF*and B!, the amine was added in the range of 10-
50 equivalents, whereas the amount of base was lowered in case of B§,, due to the high
tendency to produce R. By considering [Ligand]=[2R], the formula becomes Keg= x?/(1-
x)(n-x) where n is the number of equivalents of base added to B, x is the molar fraction
of R in the equilibrium x=2z1/(zs+ 2z.) and z. and zs are the magnitude of the ligand and
B respectively. Keq was determined from the slope of the straight line obtained by the
plot of x2versus (1-x)(n-x). All experiments were repeated three times and carried out
with By with x=I, Cl, Br, OTf, y= NO;, Me and PYR and TMG as bases (Table 5).
Determination of the equilibrium constant between ArPdBr(PPhs): and
ArPdBr(PPhs)TMG is reported below as an example.

e |x2afizgr2z)| ¥ | 1x | x| (x| y =0.1221x
0 0 0 04 °
1 0.253275109 0.06414828 0.74672 0.74672 0.5575981 035
2 0.333333333  0.11111111 066667 1.66667 11111111 03 et
4 0456790123  0.20865722 054321 3.54321 19247066 025
6 0.545454545  0.29752066 0.45455 5.45455 24793388 % 0.2 -
8 0.615916955  0.3793537 0.38408 7.38408 28361011 0.5

0.1 o

0.05 "

0 e

0 0.5 1 1.5 2 25 3
(1-x)(n-x)

Figure 76. Determination of the equilibrium constant between ArPdBr(PPhs)2and ArPdBr(PPhs)TMG (Entry
5, Table 5). Keq=0.122
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2.1.4.13. The Addition of phenylacetylene and Scope

General procedure 1:

The reaction was performed in an oven-dried NMR tube purged under nitrogen
atmosphere. The complex B§02 (0.026 mmol, 1 equiv) was dissolved in DMF-d7 (0.60 mL)
followed by the addition of the base (20-50 equiv). The 3P NMR were collected as soon
as after the addition of 2a (20-50 equiv) and after 10 minutes. The investigation was
performed with Pyr, TMG and TEA as bases. The addition of the alkyne (20 equiv) to
BEL , and B%; have already been reported as an example in Results and Discussion in

Figure 31a-b respectively.

General Procedure 2: The reaction was performed in an oven-dried Schlenk purged
under N2 atmosphere. The complex Bﬁf)z (21.6 mg, 0.026 mmol, 1 equiv) was dissolved
in DMF-d~ (0.60 mL) followed by the addition of TMG (65 uL, 0.52 mmol, 20 equiv). The
3P NMR were collected as soon as after the addition of 2a-1 (0.052 mmol, 20 equiv). After
24h of stirring, the mixture was quenched with H2O (1 mL) and extracted with
cyclohexane or ethyl acetate (3x1 mL, ethyl acetate was used to extract product with
hydroxyl group). Then, the collected organic phases were washed with brine, dried over
anhydrous sodium sulfate (Na250s) and concentrated under reduced pressure. Finally,

the crude was purified by flash chromatography (Figure 33).

1-nitro-4-(phenylethynyl)benzene (3a)
on O _ O Yellow solid; Purification by flash chromatography (Cy 100%)
'"H NMR (400 MHz, CDCls): d (ppm) 8.19 — 8.17 (d, ] = 9.0 Hz,
3a 2H), 7.64 -7.62 (d, ] =9.0 Hz, 2H), 7.56 — 7.53 (m, 2H), 7.38 - 7.36
(m, 3H).
3C NMR (100.8 MHz, CDCls): & (ppm) 146.95, 132.27, 131.84, 130.22, 129.28, 128.57,
123.58, 122.10, 94.75, 87.59.

1-Methyl-3-(4-nitrophenyl)benzene (3b)
Yellow solid; Purification by flash chromatography (Cy 100%)
0’“ IH NMR (400 MHz, CDCls): d (ppm) 8.23-8.20 (d, J= 9 Hz, 2H);
3 7.66-7.64 (d, J= 9 Hz, 2H); 7.39-7.36 (m, 1H); 7.30-7.28 (m, 1H);
7.22-7.20 (m, 1H), 2.38 (s, 3H).
13C NMR (100.8 MHz, CDCls): o (ppm)147.02, 138.42, 132.52, 132.36, 130.33, 129.07,
128.57,125.92, 123.76, 122.54, 122.01, 95.12, 87.38, 21.38.
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1-Methoxy-4-((4-nitrophenyl)ethynyl)benzene (3c)
o Q _ O onte Yellow solid; Purification by flash chromatography (Cy/EtOAc
95/5)

3 "H NMR (400 MHz, CDCls): & (ppm) 8.22-8.20 (d, J=9 Hz, 2H);
7.64-7.62 (d, ]=9 Hz, 2H); 7.51-7.49 (d, ]=8.9 Hz, 2H), 6.92-6.90 (d, ]=8.9 Hz, 2H); 3.85 (s,
3H)
13C NMR (100.8 MHz, CDCls): d (ppm) 160.54, 146.81, 133.59, 132.13, 130.84, 123.78,
114.35, 95.28, 86.78, 55.52.

1-Chloro-3-((4-nitrophenyl)ethynyl)benzene (3d)
Yellow solid; Purification by flash chromatography (Cy/EtOAc
on )=+, 90/10)
3d “ 1H NMR (400 MHz, CDCls):  (ppm) 8.24-8.22 (d, ]= 8.8 Hz, 2H);
7.67-6.65 (d, ]= 8.8 Hz, 2H); 7.54 (s, 1H); 7.45-7.43 (m, 2H) 7.38-7.30 (m, 2H).
13C NMR (100.8 MHz, CDCls): d (ppm) 147.33, 134.54, 132.51, 131.78, 130.07, 129.91,
129.77, 129.65, 123.92, 123.82, 93.09, 88.61

3-methyl-1-(4-nitrophenyl)dodec-1-yn-3-ol (3e)
OH Orange oil; Purification by flash chromatography
(Cy/EtOAc 90/10)
'H NMR (400 MHz, CDCls) & (ppm) 8.20 - 8.18 (d, ] = 9.0
3e Hz, 2H), 7.57 - 7.55 (d, ] = 9.0 Hz, 2H), 1.80 - 2.75 (m, 2H),
1.50 (s, 3H), 1.32 - 1.28 (m, 14H), 0.90 - 0.87 (m, 3H).
13C NMR (100.8 MHz, CDCls) d (ppm) 146.99, 132.36, 129.78, 123.50, 98.51, 83.12, 81.49,
68.67, 67.37, 43.53, 29.65, 29.53, 29.42, 29.27, 24.69, 22.64, 14.08

O,N =

1-(hept-1-yn-1-yl)-4-nitrobenzene (3f)
0 QN@%\ Yellow oil; Purification by flash chromatography (Cy/EtOAc =95/5).
9% 1H NMR (400 MHz, CDCl3) d (ppm) 8.21 — 8.18 (d, ] = 9.0 Hz, 2H),
3 7.60 - 7.57 (d, ] = 9.0 Hz, 2H), 4.55 (s, 2H)
3C NMR (100.8 MHz, CDCls) d (ppm) 147.25, 132.39, 129.41, 123.57, 92.46, 83.81, 51.49.

2-methyl-4-(4-nitrophenyl)but-3-yn-2-ol (3g)
o C _ EO" Yellow solid; Purification by flash chromatography (Cy/EtOAc
90/10)
3g 'HNMR (400 MHz, CDCls) 6 (ppm) 8.20-8.18 (d, ] =9.0 Hz, 2H),
7.58 =7.56 (d, ] =9.0 Hz, 2H), 1.65 (s, 3H).
13C NMR (100.8 MHz, CDCls) 6 (ppm) 147.02, 132.34, 129.70, 123.46, 99.08, 80.38, 65.61,
31.20.
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1-((4-nitrophenyl)ethynyl)cyclohexan-1-ol (3h)
HO White solid; Purification by flash chromatography (Cy/EtOAc
ON—/ H: )
90/10)
'HNMR (400 MHz, CDCls) o (ppm) 8.19-8.17 (d,] =9.0 Hz, 2H),
7.58 -7.56 (d, ] =9.0 Hz, 2H) 2.19 (s, 1H), 2.04 - 2.03 (m, 2H), 1.78

3h

—1.55 (m, 8H).
13C NMR (100 MHz, CDCls) & (ppm) 147.02, 132.70, 129.81, 123.55, 98.29, 82.54, 69.12,
39.74, 25.04, 23.25

1-(hept-1-yn-1-yl)-4-nitrobenzene (3i)

O _ Yellow oil; Purification by flash chromatography (Cy 100%).
: — 'H NMR (400 MHz, CDCls) & (ppm) 8.16 — 8.14 (d, ] = 9.0 Hz,

2H), 7.52 - 7.50 (d, ] = 9.0 Hz, 2H), 2.46 — 2.43 (t, ] = 12.0 Hz,

2H), 1.66 — 1.60 (m, 2H), 1.48 — 1.34 (m, 4H), 0.95-0.91 (t, ] =

3i

12.0 Hz, 3H).
13C NMR (100.8 MHz, CDCls) & (ppm) 146.53, 132.19, 131.20, 123.43, 96.79, 79.25, 31.08,
28.08, 22.16, 19.50, 13.93.

6-(4-nitrophenyl)hex-5-ynenitrile (3j)

o _ Yellow oil; Purification by flash chromatography (Cy/EtOAc
: —,  95/5)

CN
3 'H NMR (400 MHz, CDCls) d (ppm) 8.19 - 8.17 (d, ] = 9.0 Hz,

2H), 7.55-7.53 (d, ] =9.0 Hz, 2H), 2.69 - 2.66 (t, ] = 6.8 Hz, 2H),
2.59-2.56(t, ] =7.1Hz 2H), 2.04-1.97 (p, ] =7.0 Hz, 2H).
13C NMR (100.8 MHz, CDCls) 6 (ppm) 146.87, 132.32, 130.12, 123.52, 118.88, 92.84, 80.82,
24.21, 18.63, 16.30.

1-(6-chlorohex-1-yn-1-yl)-4-nitrobenzene (3k)

O’NO%\_L Yellow solid; Purification by flash chromatography (Cy/EtOAc
95/5)
cl

3k 'H NMR (400 MHz, CDCl3): d (ppm) 8.16-8.14 (d, J= 8.9 Hz,
2H); 7.52-7.50 (d, J= 8.89 Hz, 2H); 3.62-3.59 (J=6.5 Hz, 2H); 2.52-2.49 (7 Hz, 2H); 1.99-1.92
(m, 2H); 1.83-1.76 (m, 2H).
13C NMR (100.8 MHz, CDCls): d (ppm) 146.80, 132.39, 130.95, 123.63, 95.61, 44.55, 31.73,
25.71,19.03
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1-(4-bromobut-1-yn-1-yl)-4-nitrobenzene (31)

OEM_Q%\_Br Yellow solid; Purification by flash chromatography (Cy/EtOAc
95/5)
'H NMR (400 MHz, CDCls)  (ppm) 8.21 - 8.18 (d, ] = 9.0 Hz, 2H),
7.60 - 7.57 (d, ] = 9.0 Hz, 2H), 6.08 — 6.01 (dd, ] = 17.5, 11.2 Hz, 1H), 5.87 — 5.82 (dd, J =
17.6, 2.0 Hz, TH), 5.70 - 5.66 (dd, ] = 11.2, 2.0 Hz, 1H).
13C NMR (100.8 MHz, CDCls) d (ppm) 132.24, 130.06, 129.09, 123.57, 116.45, 93.15, 87.97.

3l

2.1.4.14. Computational studies

Methods:

DFT calculations were conducted through the Molecular Graphics and Computation
Facility (MGCF) at the University of California, Berkeley using the Gaussian 16 software
packagel?%l

Geometry optimizations for all reported structures were performed using the PBEO
functional (the hybrid functional based on the Perdew-Burke-Ernzerhof functional
[PBE]20205) with Grimme’s D3 dispersion correction with Becke Johnson damping
(GD3-BJ)2%l and the basis sets def2-TZVPR"I (with effective core potential) for Pd, I, Br,
Cl and def2-SVP for all the other atoms. Frequency calculations were performed on all
optimized structures to ensure that each local minimum lacked imaginary frequencies
and that each transition state contained exactly one imaginary frequency. Solvation in
DMF were introduced through single point calculations at optimised gas-phase
geometries for all the minima and transition state using the dispersion corrected PBEO
with def2-TZVP for all atoms and the SMD implicit solvation model.?%! The reported
Gibbs free energies were corrected considering the thermal correction computed at
298.15 K.

The Gibbs energies for isomers of complexes R with halide and triflate, the reaction
coordinate of the interconversion between Ra, Rb, Rc and the calculations for the HCS
protocol mechanism have already been reported in Results and Discussion in Figure 30,

Figure 32 and Figure 34 respectively.
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Alternative pathways:

Dissociation of PPhs from BI{JOZ
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Figure 77. Dissociation of PPhs from B ,to form complex B-PPhs has an energy of 25.0 kcal/mol, therefore
unfavoured over the formation of TS0! where the TMG displaces the phosphine giving intermediate.
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Figure 78. The equilibrium between cis-C and trans-C (4.0 kcal/mol more stable than cis-C) could slow down

the reductive elimination step.
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2.2. The critical role of in situ Pd(II) pre-catalyst reduction design

2.2.1. Introduction
The preferred approach to managing Pd(0)-catalysed reactions involves the use

of PdA(Il) salts, such as palladium(ll) acetate (Pd(OAc),) or palladium(Il) chloride
(PdCl,/Pd(ACN):Clz2), combined with the appropriate ligand to form the pre-catalysts.
They are commercially available Pd(II) complexes, stable at room temperature and cost
effective compared to preformed pre-catalysts or stable Pd(0) complexes, making them
a practical choice for both academic and industrial applications. For example, the use
of Pdz(dba)s allows the Pd(0)phosphine complex to be generated by a simple ligand
exchange. However, the manipulation of palladium increases the cost and the
presence of nanoparticles, already present in the Pdz(dba)s complex, is a serious
problem”l. On the other hand, well-defined Pd(II) pre-catalysts have been
designed to undergo rapid reductive elimination, facilitating the formation of
the target Pd(0) complex. Although these approaches minimise side reactions and
ensure a smoother transition into the catalytic cycle, they have drawbacks that
limit their industrial application. For example, the Pd(II) catalysts may be
protected by intellectual property rights?'l and/or the synthesis requires further
manipulation of the ligand and the expensive metal, reducing the overall
efficiency and increasing the cost.

The simple mixing of Pd(II) salts, ligands, auxiliaries and substrates under standard
reaction conditions does not guarantee the efficient formation of the active Pd(0)Lx
species necessary to initiate and maintain catalytic cycles in cross-coupling reactions.
Figure 79 generally describes the first step of the Pd(II) reduction process, where suitable

solvent, reactant and base enter the palladium coordination sphere.
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Figure 79. Pd(I) pre-catalyst reduction.
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Efficient in situ reduction of Pd(II) to Pd(0) is essential to optimise reaction
performance, such as: (i) reducing palladium and ligand consumption, (ii) decreasing
costs, (iii) improving sustainability.

Typically, the reduction of the metal occurs at the expense of the phosphine
ligand or some reagents. However, while Amatore and Jutand and many other
scientists, have studied metal reduction at the expense of the phosphine ligands,
it has not been clearly described how to avoid the scenario where the phosphine
ligand undergoes oxidation to form phosphine oxide, altering the ligand-to-metal
ratio. Indeed, this oxidative pathway can affect the structure and stability of the
desired catalysts. In addition, the main risk is the formation of mixed catalysts or
nanoparticles?'?l with a significantly different reactivity compared to the intended
catalysts. Using a large excess of ligand can overcome the oxidation problem, but
this approach can influence the reaction outcome. It may stabilise unreactive
complexes or inhibit certain steps of the catalytic cycle that require ligand
dissociation. Careful consideration and balance are therefore required to optimise
ligand usage without compromising the desired catalytic activity.

Pre-catalyst reduction can also be carried out at the expense of reagents, with the
concomitant formation of impurities. On an industrial level, especially in the
pharmaceutical and agrochemical segments, this can be an efficiency issue, as
most of the expensive fragments can be consumed over time. In addition, using,
for example, a 0.1-1 mol% catalyst loading to produce 1000 tonnes of a product, as
in the case of the fungicide Boscalidl®l, generates a quantity of waste in the
boronate-palladium reduction step equivalent to 1-10 tonnes of by-product. The
combination of the above factors, based on an uncontrolled equilibrium between
the palladium and the ligand, can lead to a complete misinterpretation of the
reaction data, which is not based on the formation of the desired Pd(0) catalyst.
Although several strategies have been developed, a complete guide to the efficient
in situ activation of the L.PdX: pre-catalyst reduction is still not available. In this
context, we have studied the Pd(II) pre-catalyst reduction in detail by
investigating the effect of ligands, salts, bases and substrates. By precisely
controlling the process, maximising the rapid formation of the active Pd(0)
catalyst and avoiding the formation of nanoparticles, the efficiency of palladium
cross-coupling reactions can be improved. In particular, we have focused on HCS,
Suzuki-Miyaura (SM), Mizoroki-Heck (MH) and Stille reactions.

2.2.2. Results and Discussion
We have considered the stable and widely available Pd(OAc)2 PACl2(ACN):

(instead of the commonly used PdClz) and, in the case of dppf as ligand, PdCl(dppf) as

palladium sources. The two counter ions, acetate and chloride, show completely
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different behaviour, which is directly related to the strength of the Pd-X bond. Therefore,
the effects of ligands, bases and reaction conditions had to be studied with both salts.
Phosphine ligands are widely used in coordination chemistry?®*l. Among them, we
decided to investigate: (i) the monodentate triphenylphosphine (PPhs) being popular
thanks to its low cost and availability; (ii) bidentate phosphine ligands, namely 1,1'-
bis(diphenylphosphino)ferrocene (dppf), 1,3-bis(diphenylphosphino)propane (dppp),
and van Leuween’s large bite angle phosphine 4,5-Bis(diphenylphosphino)-9,9-
dimethyl-xanthene (Xantphos)?'4; (iii) basic monodentate Buchwald’s phosphine as 2-
dicyclohexylphosphino-2’,6'-dimethoxybiphenyl (SPhos)2'®l. The reduction process was
evaluated using P NMR, DFT calculations?'®l and for selected reduction processes, the
detection of nanoparticles was also investigated. The Pd(II) reduction was studied in
DMEF, a polar aprotic solvent capable of solubilising all the pre-catalysts except
Pd(OAc)./Xantphos, which required the use of THF. In DMF or THF, the reaction was
also carried out with 30% HEP as cosolvent to reduce the Pd(Il) by oxidation of the
primary alcohol moiety (Figure 80, mechanism A)®2'71. The effect of HEP is similar to
that of primary alcohol with the difference that the products extraction does not require
extensive quantities of organic solvents!*l. The reduction was carried out in the presence
of several bases, such as TMG, TEA, Cs2COs, K2COs and pyrrolidine.

Pd(ll) reduction mechanism via alcohol (mech A)
f Base — \

Rn n (“

. . ! . C—-CHsR
J P\ /”X Base [ P\:§X ; \ / | :
' Pd + R—(CH;),0H ——— Pa' ! d

o "o N P’ x

R, R, BaseHX R,
Cl, " OAc

Ry Rn

J . I|
! Pd® '.‘ Pd
\_ a ©

Figure 80. Reduction mechanism A via oxidation of a primary alcohol.

In order to understand which partner of the different cross-coupling reactions
could be consumed in the presence of a pre-catalyst, we used as a model the pre-catalyst
generated in situ from Pd(ACN):Cl2and two equivalents of SPhos. Indeed, under these
conditions, the stable complex PdClz(SPhos):is rapidly formed (Table 7, entry 1).
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Table 7. PdCI2(SPhos): reduction promoted by the cross-coupling reactants?

Nucleophile (5.0 equiv)
Ko>CO3 (5.0 equiv)

Pd''Cly(SPhos), » Pd’SPhos * SPhos* side products
DMF, 20 min
Entry Reactant T (°C) Reaction Pd(0)/Pd(II)°
1 - 25 - 0/100
2 Styrene 25 MH 0/100
3 Styrene 60 MH 0/100
4 PhSnBus 25 Stille 0/100
5 PhSnBus 60 Stille 0/100
6 PhB(OH)2 25 SM 0/100
7 PhB(OH): 60 SM 100/0
8 PhC=CH 25 HCS 0/100
9 PhC=CH 60 HCS 100/0

aReactions were carried out with 0.013 mmol in 600 puL of DMF for 20 minutes. » Conversion of Pd(II) into Pd(0) was
calculated by 3P NMR with internal standard after 20 minutes from the addition of the reactant.

The effect of the excess of reactant on the reduction of the metal, producing a
monoligated Pd’SPhos and free SPhos, which can be evaluated by 3'P NMR. We chose to
limit the monitoring to 20 minutes after the addition of 5 equivalents of the reactant at
25°C or 60°C, as the catalyst reduction is rapidly completed. The reagents studied were
styrene for the Mizoroki-Heck reaction, tributylphenylstannane for the Stille reaction,
phenylboronic acid for the Suzuki-Miyaura reaction and phenylacetylene for the Heck-
Cassar-Sonogashira reaction. All experiments were carried out in DMF with K2COs as
the base. The pre-catalyst proved to be stable under MH and Stille conditions (entries 2-
5, Table 7) and no traces of Pd°SPhos or free SPhos were observed. On the other hand,
while the pre-catalyst was stable at room temperature in the presence of phenylboronate
and phenylacetylene (entries 6 and 8, Table 7), it was quantitatively reduced to Pd°SPhos
by both reagents at 60°C (entries 7 and 9, Table 7). These experiments highlighted that
the risk of consuming the pre-catalyst by reducing the reagent, needs to be considered
only for Suzuki or HCS reactions. In this case, in addition to performing low-palladium
cross-coupling reactions according to green chemistry principles, efficient pre-catalyst
reduction can avoid excess reagents or the formation of by-products that affect both yield
and product purification (Figure 81, mechanisms B and C).
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Pd(ll) reduction mechanism via reactants HCS/SM K
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Figure 81. Reduction mechanism B and C, via alkyne and boronate, respectively.

Regarding the investigation of PPhs, the proper ligand/Pd(Il) ratio was
established to be 3/1, to avoid the formation of palladium nanoparticles and also to
compensate the reduced amount of available phosphine due to oxidation. The
PdClz(PPhs)2 complex was stable in DMF (entry 1, Table 8) and it was reduced to Pd(0)
only after addition of TMG with concomitant formation of OPPhs (entry 2, Table 8). TMG
and secondary amines can coordinate with palladium, displacing 1 equivalent of PPhs.
This mechanism facilitates the oxidation of the PPhs (Figure 82, mechanism D and see
also 2.1.4. Experimental Section). On the contrary, nothing happened in the presence of
TEA even at 80°C (entry 3, Table 8). With inorganic bases, the pre-catalyst reduction was
slower than that promoted by TMG. Only at 60°C (entries 4-6, Table 8) was a partial
conversion observed in 20 minutes according to mechanism E (Figure 82). By adding
HEP in 1/2 ratio with DMF, complete pre-catalyst reduction was obtained at 25°C with
TMG and Cs2CO:s (entries 7 and 8, Table 8), while complete reduction with K2COs was
only observed at 60°C (entry 10). As expected, the reduction of Pd(OAc)2 was much faster
than that of PdClz. In fact, in DMF, even in the absence of a base, Pd(0) was partially
formed already at 25°C and it was completely obtained at 60°C (entries 11 and 12, Table
8). With TMG, the reduction was completed at 25°C (entry 13, Table 8). These data
indicate that the base plays a key role in accelerating the reduction process with
Pd(OAc)z. With the inorganic bases and Pd(OAc)z, complete reduction at 25°C was only
achieved in the presence of HEP (entries 15-16, Table 8). While the preferred pathways
could be envisaged for the experiments described above, in a few cases (entries 7, 10, 15
and 16, Table 8) it was not possible to clearly determine the predominant reduction
mechanism. In general, the acetate can easily dissociate from the metal, producing a
cationic palladium species, which is stabilised by the excess of inorganic salts according
to mechanism E. These results suggest that it is difficult to avoid phosphine oxidation
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with PPhs, the only exceptions being the reaction with chloride as counterion and Cs2CO:s
or K2CO:s as base at 25°C (entries 8 and 9, Table 8).

Table 8. Base, temperature and solvent effect on Pd(II) reduction from PdX2 and 3 PPhs.2

Pdx, + 3PPhy _Dase(B0eaul) ioppp. .+ PPhyOPPh,
Solvent, 20 min

Entry X Solvent Base T(°C) Mech Pd(0)Pd(ll)P P/OH®
1 Cl DMF - 60 - 0/100 -
2 Cl DMF TMG 25 D 100/0 100/0
3 cl DMF TEA 80 - 0/100 -
4 Cl DMF Cs2C0s3 25 - 0/100 -
5 Cl DMF Cs2C0s3 60 E 34/66 100/0
6 Cl DMF K2COs 60 E 12/88 100/0
7 Cl  DMFHEP!  TMG 25 AD 100/0 nd
8 Cl  DMFHEP  Cs:COs 25 A 100/0 0/100
9 Cl  DMFHEP  KiCOs 25 A 28/72 0/100
10 Cl  DMFHEP  KiCOs 60 AD 100/0 nd
11 AcO DMF - 25 E 42/58 100/0
12 AcO DMF - 60 E 100/0 100/0
13 AcO DMF TMG 25 D/E 100/0 100/0
14 AcO DMF Cs2C0s3 25 E 43/57 100/0
15 AcO DMF/HEP Cs2C0s3 25 AE 100/0 nd
16 AcO DMF/HEP K2COs 25 AE 100/0 nd

aReactions were carried out with 0.013 mmol in 600 pL solvent for 20 minutes. » Conversion of Pd(Il) into Pd(0) was
calculated by 3'P NMR with internal standard after 20 minutes from the addition of the base. <P/OH is the ratio between
the reduction via phosphine (P) or alcohol (OH) and “nd” = not determined. ¢ DMF/HEP were used in 2/1 ratio.
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Pd(ll) reduction mechanism via phosphine oxidation }—\
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Figure 82. Reduction mechanism D and E, via displacement of the ligand and counterion respectively.

Bidentate ligands are widely used in palladium cross-coupling reactions and for
this reason dppf, dppp and Xantphos were also investigated. These ligands are
characterised by a different bite angle, respectively of 91° for dppp, 96° for dppf and 112°
for Xantphos, with that of dppp being close to the perfect angle for a square planar
complex?8l. The three phosphines also differ in terms of basicity, with dppp being more
basic than the others due to the presence of an alkyl moiety. The use of only 1 equivalent
of bidentate ligand can produce nanoparticles (see 2.2.4.7. Experimental Section) and less
stable catalysts, and for this reason all experiments were carried out using 2 equivalents
of phosphine. There are several papers describing the beneficial effect in cross-coupling
reactions that occur when the bidentate phosphine is oxidised to the corresponding
monophosphine oxide®l. We therefore investigated whether the combination of base

and solvent could produce one of the target catalysts shown in Figure 83.
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Figure 83. Potential Pd(0) species with dppf and dppp in function of the pre-catalyst reduction mechanism
and ligand excess.

With Pd(dppf)X: it was possible to discriminate between the reduction
mechanism A and D/E by 3P NMR, comparing Pd’(dppf) 1la and
Pd°(dppf)dppf(O) 2a. Pd(dppf)Cl: is stable in DMF at 60°C (entry 1, Table 9) and
can be efficiently and rapidly reduced in the presence of a base (entries 2-4, Table
9) as TMG via mechanism D or the inorganic ones via mechanism E. The presence
of HEP favours the reduction (entries 5-8, Table 9). However, only with K2COs at

25°C the reduction was achieved selectively via mechanism A (entry 7, Table 9).
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With Pd(OAc): the pre-catalyst reduction was efficient even in the absence of the
base (entries 9-10, Table 9), while in the presence of any base the reduction was
completed within 20 minutes at 25°C (entries 11-13, Table 9).

Table 9. Base, temperature and solvent effect on Pd(II) reduction with PdXz and 2 dppf.

@ Ph, @ Ph;
Base (5.0 equiv) T Pwg.0 Phy

N
PdX, + 2DPPF > Fe P . Fe PP

i -PPh . _—PPh .
Solvent, 20 min @ 2 @ 2 ﬁe

1a 2a 0\\5;2@
Entry X Solvent Base T (°C) Mech. Pd(0)/Pd(ll)® P/OH¢
1 Cl DMF - 60 - 0/100 -
2 Cl DMF TMG 25 D 100/0 100/0
3 Cl DMF Cs2C0s3 60 E 100/0 100/0
4 Cl DMF K2COs3 60 E 100/0 100/0
5 Cl DMF/HEP¢ TMG 25 A/D 100/0 91/9
6 Cl DMF/HEP Cs2C0s3 25 A/E 100/0 23/77
7 Cl DMF/HEP K2COs3 25 A 100/0 0/100
8 Cl DMF/HEP K2COs3 60 A/E 100/0 84/16
9 AcO DMF - 25 E 20/80 100/0
10 AcO DMF - 60 E 100/0 100/0
11 AcO DMF T™MG 25 D 100/0 100/0
12 AcO DMF/HEP K2COs3 25 A 100/0 0/100
13 AcO DMF/HEP Cs2C0s3 25 A/E 100/0 55/45

aReactions were carried out with 0.013 mmol in 600 pL solvent for 20 minutes. *Conversion of Pd(Il) into Pd(0) was
calculated by 3'P NMR with internal standard after 20 minutes from the addition of the base. <P/OH is the ratio between
the reduction via phosphine (P) or alcohol (OH). 4 DMF/HEP were used in 2/1 ratio.

These data shown that, as with PPhs, it is possible to avoid ligand oxidation by
using K2COs at 25°C in the presence of HEP with chloride as counterion (entry 7, Table
9). In addition, different from PPhs, under the same conditions, the formation of
Pd°(dppf) occurs by mechanism A (Figure 80) only, also with Pd(OAc)dppf as pre-
catalyst (entry 12, Table 9).

The dppp pre-catalyst prepared with Pd(ACN):Cl> was perfectly stable at 60°C in
DMF (entry 1, Table 10).
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Table 10. Base, temperature and solvent effect on Pd(II) reduction with PdXz2and 2 dppp.?

Pd®
Base (5.0 equiv) !
7 thP\ JPPhz + PhyR dPth + ﬁ\/rPth

PdO Pd

PdX; + 2DPPP

Sclvent, 20 min 5 Leh, Ph,P:
1b PhZI'L\)/ 2b 3b
Entry X Solvent Base T (°C) Mech.b Pd(0)/Pd(ll)® P/OH®
1 Cl DMF - 60 - 0/100 -
2 Cl DMF T™MG 60 - 0/100 -
3 Cl DMF Cs2C0s3 60 E 100/0 100/0
4 Cl DMF K2COs3 60 E 100/0 100/0
5 Cl DMF/HEP? Cs2C0s3 25 A 100/0 0/100
6 Cl DMF/HEP K2COs3 25 A 55/45 0/100
7 AcO DMF - 25 E 11/89 100/0
8 AcO DMF - 60 E 100/0 100/0
9 AcO DMF/HEP Cs2C03 25 AJE 100/0 nd
10 AcO DMF/HEP K2COs 25 AJE 100/0 nd

aReactions were carried out with 0.013 mmol in 600 pL solvent for 20 minutes. *Conversion of Pd(Il) into Pd(0) was
calculated by 3'P NMR with internal standard after 20 minutes from the addition of the base. <P/OH is the ratio between
the reduction via phosphine (P) or alcohol (OH) and “nd” = not determined. IDMF/HEP were used in 2/1 ratio.

Interestingly, the addition of TMG did not promote metal reduction (entry 2,
Table 10). While TMG is able to compete with dppf in coordinating PdClz to promote
mechanism D (see entry 2, Table 9), in the case of the more basic dppp, TMG was not
able to compete with the phosphine in coordinating Pd(II) and mechanism D was
completely inhibited even at 60°C (entry 2, Table 10). Only by moving to inorganic bases
such as Cs2COs and K2CO:s at 60°C was the reduction via mechanism E complete (entries
3-4, Table 10). The addition of HEP allowed a switch to the alcohol-based mechanism A
at 25°C (Figure 80), selectively generating 2b (entries 5-6, Table 10). Switching to acetate
as counterion, the trend was identical to that of dppf, with reduction occurring even in
the absence of a base via mechanism E (entries 7-8, Table 10) and accelerated at 25°C by
the addition of inorganic bases and HEP as cosolvent (entries 9-10, Table 10). Only the
use of PdClz in the presence of HEP and inorganic bases (K2COs or Cs2COs) at 25°C could
avoid ligand oxidation (entries 5-6 Table 10).

The results of the experiments carried out with the bidentate ligand Xantophos

are quite different from the trend shown for dppf and dppp (Table 11).
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Table 11. Base, temperature and solvent effect on Pd(II) reduction with PdX2 and 2 Xantphos.?

PdX, + 1 Xantphos Base (5.0 equiv) O O + O O

Solvent, 20 min PhaP o-PPh2 PhePspgo =P
1c 2c

Entry X Solvent Base T (°C) Mech. Pd(0)/Pd(ll)® P/OH®
1 Cl DMF - 60 - 0/100 -
2 Cl DMF TMG 60 - 0/100 -
3 Cl DMF Cs2C0s3 60 - 0/100 -
4 Cl DMF K2CO3 60 - 0/100 -
5 Cl DMF NaOAc 60 E 100/0 100/0
6 Cl DMF/HEP¢ Cs2C0s3 60 A 100/0 0/100
7 Cl DMF/HEP K2CO3 60 A 100/0 0/100
8 AcO THF - 25 - 0/100 -
9 AcO THF - 60 E 100/0 100/0
10 AcO THF T™MG 25 - 0/100 -
11 AcO THF K2COs3 25 - 0/100 -
12 AcO THF Cs2C0s3 25 E 40/60 100/0
13 AcO THF/HEP® Cs2C0s3 25 A/E 100/0 47/53
14 AcO THF/HEP K2COs3 25 A 100/0 0/100

aReactions were carried out with 0.013 mmol in 600 uL solvent for 20 minutes. ®Conversion of Pd(II) into
Pd(0) was calculated by 3P NMR with internal standard after 20 minutes from the addition of the base.
‘P/OH is the ratio between the reduction via phosphine (P) or alcohol (OH). iDMF/HEP were used in 2/1
ratio. *“THF/HEP were used in 2/1 ratio.

The pre-catalyst with chloride as counterion was stable even in the presence of
bases at 60°C (entries 1-4, Table 11). With the addition of NaOAc, a rapid exchange with
chloride promoted the palladium reduction via mechanism E (entry 5, Table 11). Eastgate
and Blackmond, in an interesting paper coming from the collaboration between
academia and industry, highlighted the role of Xanthphos monophosphine oxide in a
CH activation reaction as a “hemilabile” efficient ligand 2¢?'%l. The catalyst (4 mol %) was
generated using dimethyl acetamide and conditions very similar to entry 5 in Table 11
The role of the acetate was crucial not only for the cross-coupling step, but also for

obtaining the palladium reduction via mechanism E and the selective formation of the
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monophosphine oxide. In the presence of HEP, the inorganic salts allowed the reduction
of the pre-catalyst via mechanism A (entries 6 and 7, Table 11). Since the combination
Pd(OAc)2/Xantphos is not soluble in DMEF, it was studied in THF. Under these
conditions, complete catalyst reduction occurred at 60°C (entry 9, Table 11). At 25°C, the
reduction did not occur with TMG and K2COs (entries 10-11, Table 11), while was
accelerated in the presence of Cs2CO:s (entry 12, Table 11). The addition of HEP was able
to favour Pd(Il) reduction via mechanism A at 25°C (entries 13-14, Table 11). Again,
K2CO:s as a base was able to favour the selective formation of Pd° at 25°C when it was
paired with Pd(OAc): (entry 14, Table 11), whereas at 60°C with PdCl., both Cs2COsand
K2CO:s were able to avoid the ligand oxidation (entries 6-7, Table 11).

Table 12. Base, temperature and solvent effect on Pd(II) reduction with PdX2 and 2 SPhos.?

Base (5.0 equiv) o
PdX, + 2 SPhos » Pd°SPhos + SPhos + OSPhos

Solvent, 20 min

Entry X Solvent Base T (°C) Mech. Pd(0)/Pd(ll)° P/OH®
1 Cl DMF - 25 - 0/100 -
2 Cl DMF TMG 60 - 0/100 -
3 Cl DMF Cs2C0s3 60 - 0/100 -
4 Cl DMF K2CO3 60 - 0/100 -
5 Cl DMF/HEP? Cs2C0s3 25 A 56/44 0/100
6 Cl DMF/HEP Cs2C0s3 60 A 100/0 0/100
7 Cl DMF/HEP K2COs3 60 A 100/0 0/100
8 Cl DMF/HEP TMG 60 A 15/85 0/100
9 AcO DMF - 60 E 29/71 100/0
10 AcO DMF Cs2C0s3 25 E 71/29 100/0
11 AcO DMF K2COs3 25 E 54/46 100/0
12 AcO DMF Cs2C0s3 60 E 100/0 100/0
13 AcO DMF K2COs 60 E 100/0 100/0
14 AcO DMF/HEP? Cs2C0s3 25 AE 100/0 42/58
15 AcO DMF/HEP? K2COs 25 A 100/0 0/100
16 AcO DMF/HEP? TMG 60 AE 31/69 nd

2Reactions were carried out with 0.013 mmol in 600 uL solvent for 20 minutes. *Conversion of Pd(Il) into Pd(0) was
calculated by 3P NMR with internal standard after 20 minutes from the addition of the base. <P/OH is the ratio between
the reduction via phosphine (P) or alcohol (OH) and “nd” = not determined. IDMF/HEP were used in 2/1 ratio.
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We were also interested in SPhos, both because it is frequently used in Suzuki-
Miyaura?®®l and because we have carried out extensive catalytic studies with the
corresponding water-soluble sulfonate ligand sSPhos!**l. The main characteristic of this
ligand is that the Pd(II) complex coordinates two SPhos ligands, whereas Pd(0)
coordinates only one in the 12-electron complex”3#881. Therefore, we decided to use 2
equivalents to stabilise the complexes in the case of phosphine oxidation (Table 12). The
reduction via phosphorous oxidation using PdCl>did not occur even in the presence of
bases at 60°C (entries 1-4, Table 12). However, the addition of HEP enabled reduction
by primary alcohol oxidation of the pre-catalyst in the presence of bases, with inorganic
bases being more efficient (entries 5-8, Table 12). Pd(OAc): was reduced in DMF both
with and without bases with a complete reduction only with inorganic bases at 60°C
(entries 9-13, Table 12). In the presence of HEP, Pd® was selectively generated by
mechanism A using only K2COs at 25°C (entry 15, Table 12).

With the aim of demonstrating that the reduction of Pd(SPhos):Cl> with K2COs
at 25°C in the presence of HEP allows to avoid pre-catalyst reduction at the expense
of alkynes or boronates, we investigated HCS and SM cross-coupling under these
conditions. Pd(SPhos):Cl. generated with PACl2(ACN):2 and SPhos was rapidly
reduced to the corresponding Pd’SPhos in the presence of phenylacetylene or
phenyl boronic acid, respectively. Under these stressed conditions, with 20 mol%
of palladium and a 1/1 ratio of Phl to reactants, no homocoupling products were
formed via the pre-catalyst reduction (mechanism B or C, Figure 81). The HCS and
SM gave only the expected products, 1,2-bisphenylacetylene and 4-methyl-1,1-
biphenyl respectively (Figure 84).

Ph-1 (5.0 equiv)
Ph—== (5.0 equiv)
# Ph———FPh + Ph————=——Ph
HEP, KoCO5 (5.0 equiv)
rt, 1h

HCS

b
X

Pd'(SPhos),Cl,
0.013 mmol

Ph-1 (5.0 equiv)

4MePh-B(OH), (5.0 equiv)
» 4MePh—Ph + 4MePh—Ph4Me
HEP, K,CO4 (5.0 equiv)

1, 1h v X

SM

Figure 84. Heck-Cassar-Sonogashira and Suzuki-Miyaura cross-coupling effect of the present of the
reactants in HEP.
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We also investigated the The PdCl:(ACN)z/ligand/alcohols/base protocol in

several green solvents (Table 13).

Table 13. Pre-catalysts reduction generated with PdClz2 and Buchwald’s ligands with a base at 60°C in the
presence of alcohols. 2

Entry Ligand Base Solvent Pd(0)/Pd(ll)°
1 SPhos K2COs Anisole/EtOH 2/1 100/0
2 SPhos K2COs CPME/EtOH 2/1 100/0
3 SPhos K2COs3 MeTHF/EtOH 2/1 100/0
4 SPhos K2COs3 Anisole/MeOH 2/1 100/0
5 SPhos K2COs3 Anisole/HEP 2/1 100/0
6 RuPhos K2COs3 Anisole/EtOH 2/1 100/0
7 XPhos K2COs3 Toluene/EtOH 2/1 100/0
8 SPhos PYR Anisole/EtOH 2/1 25/75
9 SPhos TMG Anisole/EtOH 2/1 28/72
10 sSPhos K2COs HEP/H20 4/1 100/0
1" sSPhos K2COs EtOH/H20 4/1 100/0
12 sSPhos PYR EtOH/H20 4/1 52/48
13 sSPhos K2COs IPA/H20 4/1 0/100

2Reactions were carried out with 0.013 mmol in 600 uL solvent for 20 minutes. *Conversion of Pd(Il) into Pd(0) was
calculated by 3'P NMR with internal standard after 20 minutes from the addition of the base.

In the presence of SPhos, the protocol worked perfectly in several green solvent
combinations via mechanism A (entries 1-5, Table 13). The protocol was successfully
applied to 2-dicyclohexylphosphino-2',6'-diisopropoxy-1,1'-biphenyl (RuPhos)??], and
2-dicyclohexylphosphino-2',4’,6"-triisopropylbiphenyl (XPhos). With XPhos it was
necessary to use toluene as cosolvent due to the solubility of the ligand. As expected,
the complex reduction was less efficient with organic bases such as TMG and PYR. The
presence of these bases, which enter the coordination sphere of Pd(II), destabilised the
Pd(SPhos)2Cl2 and the formation of Pd’SPhos was less efficient (entries 8-9, Table 13). The
amount of Pd°SPhos did not increase with time and macroscopically we observed the
formation of palladium black after 1 hour. The formation of palladium black indicates
catalyst decomposition, probably due to ligand loss. In addition, the experiment was

carried out using a conservative approach of 5 equivalents of base. This is because typical
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reactions often require >100 times the stoichiometry of base to phosphine ligand to
stabilise intermediates. The use of sSPhos allowed the introduction of water as a
cosolvent in the green protocol (entries 10-11, Table 13)1221-223l. Again, the use of PYR
generated only 52% of the expected Pd°sSPhos complex within 20 min (entry 12, Table
13). Secondary alcohols such as isopropanol (IPA), used to replace HEP or EtOH, were
not able to reduce the pre-catalyst (entry 13, Table 13). The solvent mixture described in
Table 13 was not optimised and only showed the generality of the approach to use
alcohols for Pd(II) pre-catalyst reduction, provided the pre-catalyst was soluble at these
concentrations and the preference for inorganic bases.

DFT calculations were performed by the group for mechanism A using the
B3LYP/DEF2-TZVP level of theory!"®, focusing on the cationic Pd(II) complex.

A q
,-Q’C‘,
R pd
ro SPhos
0
3 TS0
QP ‘2.1 Y
- H Vo s O-Pd*-SPhos
S O ™SPhos ! \
E [ e LR
S —_— B 710
& /69 y
o>
o 6.5
g ',
W Pd(il) 0-Pd*—SPhos
8 -_— [ HCO]
T 0.0 R - '
-
DMF—Pd' SPhos R
+ -3.6
CO’-’ ’1GTSG = 5.2 kcal/mol
3 AGTs1 = 0.6 kcal/mol H

1
r/O --Pd*-SPhos

Figure 85. DFT-calculation-computed reaction profile and solution-state Gibbs free energies (AGDMEF, kcal
mol-1) BSLYP/DEF2-TZVP level of theory at 298 K for stationary points of Mechanism A.

We excluded the counterion and the second SPhos in the Pd(II) pre-catalyst to
avoid calculation inaccuracies due to their presence. Therefore, a simplified Pd(II)-SPhos
complex with DMF as ligand was chosen as a reference model to evaluate the reduction
process (Figure 85). This approach generalises the model to a variety of palladium
systems. The initial step in mechanism A involves coordination of the carbonates and
the alcohol to form complex A with an energy of 6.9 kcal/mol. This coordination makes
the proton of the alcohol more acidic, allowing deprotonation by a base to give B via the
TS0 transition state, which has an energy barrier of 5.2 kcal/mol. The total activation
energy required for alcohol deprotonation is calculated to be 12.1 kcal/mol, with the
transition state influenced by the specific coordination of the carbonate to the palladium
centre. Our calculations revealed that the most stable configuration involves both oxygen
atoms of the carbonate coordinating to the palladium complex. The reaction pathway
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proceeds via beta-hydride elimination at TS1, with a very low energy barrier of 0.6
kcal/mol, leading to the formation of intermediate C, which is by far the more stable
complex. The DFT studied with PYR as the base showed a similar trend with higher
transition energies. In fact, the total energy to reach the corresponding TS0 is 15.2 kcal,
confirming that the reduction with PYR was less efficient (see Experimental Section
2.2.4.12)).

DFT studies identified the deprotonation process as the rate-determining step of
mechanism A. This observation was confirmed by a kinetic isotope effect (KIE) study
using P NMR (Figure 86). Indeed, the reaction with CHsOH was consistently faster than
the one in CDsOD, with a KIE of 1.6.

K,CO5 (5.0 eq)

[
Pd"(SPhos),Cl, » PdOSPhos + SPhos
0.013mmol  pMF:MeOH or 4:2
rt, 25min
70
KIE = 1.6
60 @ MeOH y = 2,2945x
o
50 e MeOD -
.-"“‘

a:.; 40 y =1,4x

S ..'-."

S 30 a0
20 }

.. e
10
.
0w
0 5 10 15 20 25 30
Time (min)

Figure 86. Kinetic isotopic effect CHsOH versus CDsOD.

2.2.3. Conclusion
This study has shed light on the X2Pd(II)L» pre-catalytic reduction, where the

counterion is acetate or chloride, using PPhs, dppf, dppp, Xantphos and SPhos in
DME/THEF also in the presence of a green primary alcohol as well as HEP.

These results led to the development of efficient protocols for the synthesis of
Pd(0)Ln complexes by simply mixing Pd(II) salts with phosphine ligands. The effect of
different combinations of PdX:/phosphine ligands/bases/temperature/solvent on the
reduction process has been investigated in detail. It has been shown that it is possible to
prevent the oxidation of the ligand and to avoid the formation of by-products via
unwanted palladium reduction pathways in the HCS and SM cross-coupling reactions.
Density functional theory studies were used to investigate the mechanism of the process,

revealing that deprotonation, which generates the oxygen-palladium sigma bond in the
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Pd(II) complex, is the rate-determining step. Different classes of ligands were found to
require specific reaction conditions to ensure high catalyst efficiency and optimal
reaction performance. Furthermore, the best protocol developed for the ligand SPhos
was successfully extended to other Buchwald ligands, demonstrating its versatility in
different organic solvent mixtures, as long as a primary alcohol is present, and the
catalyst is soluble.

With this information in hand, it will be possible to generate Pd° active species in
a most efficient way, saving time, metal and ligands, and avoiding the unwanted

consumption of reactants.
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2.2.4. Experimental Section

2.2.4.1. General Information

Commercially available reagents (reagent grade, >99%) were purchased from Sigma
Aldrich, Fluorochem and TCI Chemicals and used without any further purification.
Solvents (deuterated N,N-Dimethylformamide (DMF-ds), deuterated chloroform
(CDCls), 1-(2-Hydroxyethyl)-2-pyrrolidone (HEP), Ethanol (EtOH), dichloromethane

(DCM) are commercially available and solvent for reaction were used after degassing.

bis(triphenylphosphine)palladium chloride(II) PdCl2(PPhs): 1,1-
Bis(diphenylphosphino)ferrocene] palladio(II)dichloride PdClx(dppf),
Bis(acetonitrile)dichloropalladium(II) PACI2(ACN)z,

Bis(dibenzylideneacetone)palladium(0) Pd(dba)2, triphenylphospine (PPhs), 3-
Bis(diphenylphosphino)propane (dppp) and 1,1-Bis(diphenylphosphino)ferrocene
(dppf), Dicyclohexyl(2',6"-dimethoxy[1,1"-biphenyl]-2-yl)phosphane  (SPhos), 4,5-
Bis(diphenylphosphino)-9,9-dimethylxanthene (Xantphos) from FaggiEnrico (Italy). '"H
NMR, BC NMR and 3P NMR spectra were recorded on Varian 400-MR (400 MHz)
(equipped with autoswitchable PFG probe) and Bruker Avance Neo 600 MHz (equipped
with CryoProbe Prodigy Broadband 5mm) spectrometers. NMR multiplicities are
abbreviated as follows: s = singlet, d = doublet, t =triplet, q = quartet, spt = septet, m =
multiplet, bs = broad signal. Coupling constants | are given in Hz. All 'H and C
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chemical shifts are calibrated to residual protic-solvents and all *'P chemical shifts are
referenced to external 85% phosphoric acid (6 = 0 ppm). HPLC-UV analysis were
recorded with an Agilent 1260 InfinityLab instrument. Column: Zorbax® SB-C18;
particle size 5 um; pore size 100 A; length 250 mm, internal diameter: 4.6 mm. Mobile
phase A: H2O, mobile phase B: ACN. Gradient (Time(min), %B): 0, 80; 25, 80; 28, 10; 30,
10; flow 0.5 mL min-column temperature 30°C; injection volume: 10 pL. GC-MS analysis
were recorded with a Hewlett-Packard 5971 spectrometer with GC injection and EI
ionization at 70 eV coupled with an Agilent Technologies MSD1100 single-quadrupole
mass spectrometer, reported as: m/z (rel. intensity). High-Resolution transmission
electron microscopy (HR-TEM) images were acquired on a ThermoFischer Talos F200X
operated at 200 kV, which is equipped with an extreme field emission gun (FEG) electron
source and Super-X Energy Dispersive X-ray Spectroscopy (EDS) system for chemical
analysis. HRMS spectra were obtained with a G2XS QTof mass spectrometer using
either ESI. Room temperature (rt) refers to the ambient temperature of the laboratory,
ranging from 22 °C to 26 °C.

2.2.4.2. Palladium pre-catalyst reduction with PPhs
Table 14. 3P NMR chemical shift in DMF-d7 and HEP/DMF-d7 (2:4) of palladium species with PPhs

entry Compound DMF-d7 HEP/DMF-d7 (2:4)
1 PPhs -4.94 -5.08
2 Pd(OAc)2(PPhs)2 15.69 15.60
3 3NO2Ar(OAc)Pd(PPhs)2 22.50 22.34
4 PdO(PPhs) 23.37 23.30
5 3NO2ArPdI(PPhs)2 2410 23.98
6 Pd(PPh3)2Cl2 24.85 24.64
7 OPPhs 26.15 27.57
8 3NO2ArPdI(PPhs) 25.10 25.37
9 3NO2Ar(OAc)Pd(PPh3)TMG 29.61 29.19
10 Pd(PPh3)2CI(CO3*)M 30.58
11 3NO2Ar(PdI(PPh3)TMG 30.86 28.32
12 Pd(PPhs)2(OAc)(CO3%)M* 31.06
13 Pdo(PPhs)2 34.29 34.03
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Synthesis of palladium species with PPhs
a) Entry 5, Table 14: 3NO:ArPdI(PPhs)2

e b
\
I+ Pd(PPhy), ———> ¢ —Pd—|
Toluene, rt o
1h ¢ ¥ PPh,

O,N O2N

To an oven-dried 20 mL Schlenk purged under argon atmosphere, a mixture of 1-Iodo-
3-nitrobenzene = 3NO:Arl (423 mg, 17 mmol, 246 equiv) and
tetrakis(triphenylphosphine)palladium(0) (798 mg, 0.69 mmol, 1 equiv) was stirred in
degassed toluene (13 mL), in the dark for 1 h at room temperature. The reaction mixture
was filtered, and the crude was washed with diethyl ether (Et20) to obtain the pure
product (534 mg, 88%) as a white solid.

H NMR (600 MHz, CDCls): 6 7.55-7.50 (m, 12H, Hb-Hf); 7.33-7.29 (m, 6H, Hd); 7.26-7.22
(m, 13H, Hc-He, -Hd’); 7.15-7.11 (m, 3H, Hb’-Hc’-He").

BCNMR (151.2 MHz, CDCls): 8 178.07 (s, Cd"); 143.86 (t, J=1.51 Hz, Ca’); 135.89 (t, J=4.53
Hz, Cb’-Cf’), 134.92 (t, 6.05 Hz, Cb-Cf), 131.21 (t, J=24.2 Hz, Ca), 130.40 (s, Cd), 128.00 (t,
J=4.53, Cc-Ce), 120.95 (t, Cc’-Ce’).

3P NMR (242.4 MHz,) 6 +24.14 (s) DMF-d7; d +24.02 (HEP/DMF-d~2/4)

b) Entries 9 and 11, Table 14: 3NO:Ar(OAc)Pd(PPhs)TMG, 3NO:Ar(PdI(PPhs)TMG

0N
— DME
/\ )-Pa—i +NaDhe
|

PPhy

-2
—25

PPh,
=\
Pd—I
/|
PPh,

GaN PPhy

- e
OAc
Waii
PPhy

T - T - v - T - T - T - T - T . T - T - T - T
40 35 30 25 20 15 10 5 o -5 -10 -15
f1 (ppm)
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Figure 87. 3'P NMR spectra of 3NO2ArPd(PPhs)z (11.40 mg, 0.013 mmol, 1 equiv) previously synthesized +
NaOAc (5 mg, 0.065, 5 equiv) in DMF-d~ (0.6 ml) (above); and after the addition of TMG (10uL, 0.065 mmol,

5 equiv) (below).

° Pd(OAc):

General Procedure 1:

Base (5 equi
Pd(OAC), + 3PPhy _ B3¢ (3€AUN)  _ byppni) + n-t OPPhyPPh

Solvent
T (°C)

To an oven-dried 20 mL Schlenk purged under argon atmosphere, the pre-

catalyst Pd(OAc)2 (2.91 mg, 0.013 mmol, 1 equiv) was dissolved in the degassed solvent
(0.6 mL). Triphenylphosphine (10.21 mg, 0.039 mmol, 3 equiv) and base (0.065 mmol, 5
equiv) were added. The reaction was stirred for 20 minutes at the desired temperature
and analyzed by 3P NMR analysis. To calculate the conversion of the uncompleted
reduction, the triethyl phosphonoacetate (0.13 mmol, 1 equiv) was added as internal
standard (IS).
To further demonstrate that the formation of Pd(0) specie occurred, 3NO:ArI (16.2 mg,
0.065 mmol, 5 equiv) was added to detect the formation of the oxidative addition (OA)
complex. The OA complex was previously synthesized according to Experimental Section
2.14.3.

105



CHAPTER 2

Table 15. All experiments carried out to study the Pd(PPhs)2(OAc)2reduction in both DMF-d7 and HEP/DME-
d72. Rows underlined in grey have already been reported in Table 8.

Entry Solvent Base T (°C) Mech Pd(0)/Pd(ll)® P/OH¢
1 DMF - 25 D 42/58 100/0
2 DMF - 60 D 100/0 100/0
3 DMF T™MG 25 D/E 100/0 100/0
4 DMF cyclohexylamine 25 D/E 100/0 100/0
5 DMF pyrrolidine 25 D/E 100/0 100/0
6 DMF Cs2C0s3 25 E 43/57 100/0
7 DMF K2COs 25 E 46/54 100/0
8 DMF TEA 25 E 42/58 100/0
9 DMF Cs2C0s 60 E 100/0 100/0
10 DMF K2COs 60 E 100/0 100/0
11 DMF T™MG 60 D/E 100/0 100/0
12 DMF TEA 80 E 100/0 100/0
13 DMF/HEP? - 60 A 100/0 100/0
14 DMF/HEP T™MG 25 A/D 100/0 nd
15 DMF/HEP Cs2C0s3 25 AJE 100/0 nd
16 DMF/HEP K2COs 25 AJE 100/0 nd
17 TEA DMF/HEP 25 A 42/58 100/0
18 Cs2CO0s DMF/HEP 60 A/E 100/0 nd
19 K2COs DMF/HEP 60 A/E 100/0 nd
20 TMG DMF/HEP 60 AJE AJE nd

2 The reactions were carried out according to the General Procedure 1

b The conversion was calculated by 3P NMR comparing the signals of the IS signal and Pd(OAc)2(PPhs)2
¢P/OH represents the ratio between the oxidation of phosphine (P) or alcohol (OH) to form Pd(0) and “nd”
means not determined.
4600uL of DMF-d»
¢The solvent is a mixture of HEP 200uL and DMF-d7 400uL
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3P NMR spectra of complete reduction as an example in both DMF and HEP/DMF
a) Entry 2, Table 15:

g § ? - DMF,
T i i PA(OAC); + 3 PPhy s Pd(PPhg), + (n-1) OPPhy
60°C
Pd(PPh;)
OPPh,
Pd(PPh;),
s JL,JL ———— . A R ‘
ol At L v il P e W
T
40 35 30 25 0 10 s 0 -5
1 (ppm)
= - PPhs
; § ‘E DMF, + 3NOAr 5
i i i Pd(OAc), + 3 PPh; —so"c Pd(PPhg), + (n-1) OPPh; — = 3NO,Ph—Pd''~I 1
PPhy
PPh;,
3NO,Ph—Pd'-I
OPPh, — PPhs
PPh,
| PPh; 1
3NOPh—PA* )\
PPh,
'
A/
L S ha it s ¥ na W Wik
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f1 (ppm)

Figure 88. Pd(OAc)2 + 3PPhs in DMF-dzat 60°C for 20 min (top); after the addition of 3NO2ArI to confirm the
disappearance of the Pd(0) species (bottom).
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b) Entry 15, Table 15:

H
i

2151
-230

8,003
Pd(OAc); + 3 PPh, - Pd(PPhy), + (n-1YOPPh|
HEP:DMF (2:4)
II

Pd(PPhj)
OPPh,
Pd(PPh,),
l J L J L
. v r T T T T T T T
40 3s 30 25 20 15 10 5 0 -5
1 (ppm)
a 2 3 g
7 7 Cs,C05 + 3NO,A I
Pd(OAc); + 3PPh; — = Pd(PPh;)+ OPPh; — =
HEP:DMF (2:4)
rt
OPPh,
1 1

P‘Ph:

3NO,Ph— Td‘ -l

PPhy

PPhs
— B
1 INOPh Tu oAc
J e PPhy PPh,
P 4 u I,
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Figure 89. PA(OAc)2 + 3PPhs + Cs2COs (5 equiv) in HEP/DMF-dr (2/4) at rt for 20 min (top); after the addition
of 3NO2Ar] to confirm the disappearance of the Pd(0) species (bottom).

o PdCl:

General Procedure 2:

Base (5 equiv)

Pd(PPh;),Cl, + PPhg » Pd(PPh3), + n-1 OPPhy/PPh,

Solvent
T(°C)

To an oven-dried 20 mL Schlenk purged under argon atmosphere, the pre-catalyst
Pd(PPhs)2Cl2(9.12 mg, 0.013 mmol, 1 equiv) was dissolved in the degassed solvent (0.6
mlL). Triphenylphosphine (3.41 mg, 0.013 mmol, 1 equiv) and base (0.065 mmol, 5 equiv)

were added. The reaction was stirred for 20 minutes at the desired temperature and
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analysed by 3P NMR analysis. To calculate the conversion of the uncompleted
reduction, the triethyl phosphonoacetate (0.013 mmol, 1 equiv) was added as internal
standard (IS).

To further demonstrate that the formation of Pd(0) specie occurred, 3NO:ATr] (16.2 mg,
0.065 mmol, 5 equiv) was added to detect the formation of the oxidative addition (OA)

complex.

Table 16. All experiments carried out to study the Pd(PPhs).Cl2 reduction in both DMF-d7 and HEP/DME-
d7. Rows underlined in grey have already been reported in Table 8

Entry Solvent Base T(°C) Mech Pd(0)/Pd(ll)® P/OH®
1 DMF - 60 - 0/100 -
2 DMF T™MG 25 D 100/0 100/0
3 DMF cyclohexylamine 25 D 100/0 100/0
4 DMF Pyrrolidine 25 D 100/0 100/0
5 DMF Cs2C0s3 25 - 0/100 -
6 DMF TEA 25 - 0/100 -
7 DMF Cs2C0s3 60 E 34/66 100/0
8 DMF K2COs 60 E 12/88 100/0
9 DMF TEA 80 - 0/100 -
10 DMF/HEP? Cs2C0s3 25 A 100/0 0/100
11 DMF/HEP K2COs 25 A 28/72 0/100
12 DMF/HEP T™MG 25 A/D 100/0 nd
13 DMF/HEP TEA 25 - 0/100 -
14 DMF/HEP Cs2C0s3 60 A/D 100/0 nd
15 DMF/HEP K2COs 60 A/D 100/0 nd

2 The reactions were carried out according to the General Procedure 2

b The conversion was calculated by 3P NMR comparing the signals of the IS signal and Pd(PPhs)2Cl2
¢P/OH represents the ratio between the oxidation of phosphine (P) or alcohol (OH) to form Pd(0) and “nd”
means not determined.

4600uL of DMF-d~

¢The solvent is a mixture of HEP 200uL and DMF-d7 400uL
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3P NMR spectra of complete reduction as an example in both DMF and HEP/DMF
a) Entry 2, Table 16:
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o i o
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Figure 90. Pd(PPhs)2Cl2 + PPhs (1 equiv) + TMG (5 equiv) in DMF-d7 at rt in 20 min. The resonance at 18.70
ppm has been assigned to a Pd(0) specie and this was confirmed by adding PPhs (spectrum a). After the
addition, the peak at +18.70 disappeared (spectrum b). Spectrum ¢ shows the disappearance of the Pd(0)
species in the presence of 3NO2ArI

b) Entry 10, Table 16:
8 B g
i i i
PdPPh,
OPPh,
Pd(PPh;),

0
f1 (ppm)
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Figure 91. Pd(PPhs)2Clz2 + 1 PPhs + Cs2CO:s (5 equiv) in DMF-d7/HEP at rt for 20 min (top); after the addition
of 3NO:A1I to confirm the disappearance of the Pd(0) species, although a small amount remains, probably
because the oxidative addition was not complete when the spectrum was acquired (bottom).

2.2.4.3. Palladium pre-catalyst reduction with dppf
Table 17. 3'P NMR chemical shift in DMF-d7 and HEP/DMF-d7 (2:4) of palladium species with dppf

entry Compound DMF-d7 HEP/DMF-d7 (2:4)
1 dppf -17.12 -17.16
2 dppf(O)? -17.43; 25.95 -17.58; 27.30
3 Pd%(dppf) 6.91; 33.83 34.25
4 Pd°dppf(O)dppf 9.3 (m); 16.60 (m) 9.18 (m); 16.56 (m)
5 3NO2ArPd(dppf)l 12.83 (d); 32.62 (d) 12.83(d); 32.72 (d)
6 Odppf 26.04 27.76
7 Pd(OAc)dppf 31.69 32.14
8 PdClz(dppf) 34.94 34.97
9 Pd(OAc)2(dppf) 31.66 32.18

adppf(O) is the label for the dppf mono-oxide
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Synthesis of palladium species with dppf
a) Entry 2, Table 17: dppf(O)

X

PPh,

Pd(OACc), (1.77% mmol)
1-2 dibromoethane (3.2 equiv)

PPh2
\
]
Fe

PPh,

DCM, reflux
10% aq. NaOH

Ph,
P =0

@

To an oven-dried 20 mL Schlenk purged under argon atmosphere, Pd(OAc):2 (1.5 mg,
0.006 mmol, 0.00177 equiv), dppf (196 mg, 0.36 mmol, 1 equiv), 1,2-dibromoethane (100
uL, 1.15 mmol, 3.2 equiv), 10% NaOH aq (500 uL) were added in degassed DCM (1.2
mL). The resulting mixture was refluxed with vigorous stirring for 17 h. Then, the result
mixture was diluted with water (5 mL), extracted with DCM (3 x 5 mL), the combined

organic layers were washed with brine and dried over Na:SOs. The solvent was removed

by rotary evaporator and the crude material was purified by silica gel chromatography
(DCM/EtOAc 100/0 to 50:50) to yield desired product as an orange solid (60 mg, 30%

yield)2,

3P NMR (DMF-dy): -17.43 (s); 25.95 (s)

b) Entries 3 and 5, Table 17: Pd’(dppf) and 3NO:ArPd(dppf)I

2
o

]
1

Odppf

1874

T

[ Pd(dba), + dppl ———— Pd(dppl)] dppf
DMF

-17.00

40 35

30

25

20

15

f1 (ppm)

10
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2%
258
L
L

3NORAI
Pd(dba), + dppf —————=  3NO;PhPd(dpph)l
DMF

NO,

T s bt N

T ~ T - T - T - T - T
5 ] -5 -10 -15 -20

T - T - T - u - T T T
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Figure 92. Pd(dba)2 (11.9 mg, 0.013 mmol, 1 equiv), dppf (7.5 mg, 0.013, 1 equiv) in DMF-d7. The peaks at
10.25, 8.95 ppm are related to the dba coordinated to the Pd compound??>22 (top); after the addition of

3NO:ArI (16.18 mg, 0.065, 5 equiv) (bottom).

. Pd(OAc):
General Procedure 1:
PA(OAC) +2dppf 222 O CMM)  _ pgo(gpp
Solvent
T(°C)

To an oven-dried 20 mL Schlenk purged under argon atmosphere, the pre-catalyst
Pd(OACc)2(2.91 mg, 0.013 mmol, 1 equiv) was dissolved in the degassed solvent (0.6 mL).
Dppf (14.41 mg, 0.026 mmol, 2 equiv) and base (0.065 mmol, 5 equiv) were added. The
reaction was stirred for 20 minutes at the desired temperature and analyzed by *P NMR
analysis. To calculate the conversion of the uncompleted reduction, the triethyl
phosphonoacetate (0.0065 mmol, 0.5 equiv) was added as internal standard (IS).

To further demonstrate that the formation of Pd(0) specie occurred, the 3NO:ATrI (16.2
mg, 0.065 mmol, 5 equiv) was added to detect the formation of the oxidative addition

(OA) complex.

Table 18. All experiments carried out to study the Pd(OAc)dppf reduction in both DMF-d7 and HEP/DMEF-
dr. Rows underlined in grey have already been reported Table 9.

Entry Solvent Base T (°C) Mech. Pd(0)/Pd(ll)° P/OH°
1 DMFd - 25 E 20/80 100/0
2 DMF TMG 25 D 100/0 100/0
3 DMF - 60 E 100/0 100/0
4 DMF TMG 60 D/E 100/0 100/0
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5 DMF Cs2C0s3 60 E 100/0 100/0
6 DMF K2COs 60 E 100/0 100/0
7 DMF/HEP® K2COs 25 A 100/0 0/100
8 DMF/HEP Cs2C0s3 25 AJE 100/0 55/45

2 The reactions were carried out according to the General Procedure 1
b The conversion was calculated by 3P NMR comparing the signals of the IS signal and Pd(OAc)dppf
<P/OH represents the ratio between the oxidation of phosphine (P) or alcohol (OH) to form Pd(0) and “nd”

= not determined.
4600puL of DMF-d~

eThe solvent is a mixture of HEP 200uL and DMF-d7 400uL

3P NMR spectra of complete reduction as an example in both DMF and HEP/DMF

a) Entry 2, Table 18:

k-3
& mZesse gg ™
| ) Pd(OAC), + 2dppf G (5 equiv) o
DMF, nt
4
ENY s L >
i Pth\ y _PPh, i
Fe P Fe
H 277 Ny 4 :
! PPh, < !
— N -
142
3 J
L T
8 8
> X ¥ T T - . = .
40 35 30 25 20 o 5 o s -10 15
f1 (pom)
8 ] = - -
T ] T 3NOArl 7
! ! Pd(OAG, + 2dppt __ MG 5 cquiv) P o) + O W)
6 DMF, n
5
Noy |=|=n2
=
]
" PPh, Fe
! g : Ph,
i AN = =
:-: _Ph s
|
L] . L
M damak _‘AJ o " " o
Caaa o~ - o~
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10 8 6 4 2 o 2 4 6 -8
1 (ppm)

Figure 93. Pd(OAc): + 2 dppf + Cs2COs (5 equiv) in DMF-drat rt for 20 min (top); after the addition of SNO2ArI
to confirm the disappearance of the Pd(0) species (bottom).
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b) Entry 8, Table 18:
Cs,C05 (5
[PG(OAC)Z*depl L LetOs B Pd"(dppﬂdppf(O)&Fd(dpp’)}
2 2 e . HEPIDME, 1t s
" S £ g s
i i Wi (] i
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e
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WVMJW T — N T 'JNH
bt bl e st ) ‘it it o Lo
T o T
E s g
v - - . . - v . . . . . - . . ;
40 35 30 25 20 15 10 s o -5 -10 -15
f1 (npm)
R & 3] 2
kY3 v pree i
©5,00; (5 equi +3NOz
Pa(OAG), + 2dppi 5200 (e P(dppfidppH(0) ———=
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6
NO;
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} \F'd Fe
Fe SN 1 Phs 5
i@? 6 |
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Figure 94. Pd(OAc)2 + 2 dppf + Cs2COs (5 equiv) in HEP/DMF-dr (4/2) at rt for 20 min (top); after the addition
of 3NO2Ar] to confirm the disappearance of the Pd(0) species (bottom).

. PdClL:

General Procedure 2:

Base (5 equiv)

Pd(dppf)Cl, + dppf » Pd’(dppf)

Solvent
T (°C)

To an oven-dried 20 mL Schlenk purged under argon atmosphere, the pre-catalyst
Pd(dppf)Cla CH2ClI2(10.61 mg, 0.013 mmol, 1 equiv) was dissolved in the degassed
solvent (0.6 mL). Dppf (7.20 mg, 0.013 mmol, 1 equiv) and base (0.065 mmol, 5 equiv)
were added. The reaction was stirred for 20 minutes at the desired temperature and
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analyzed by P NMR analysis. To calculate the conversion of the uncompleted
reduction, the triethyl phosphonoacetate (0.0065 mmol, 0.5 eq) was added as internal
standard (IS).

Table 19. All experiments carried out to study the Pd(dppf)Cl2reduction in both DMF-dz and HEP/DMF-d~.
Rows underlined in grey have already been reported Table 9.

Entry Solvent Base T (°C) Mech. Pd(0)/Pd(ll)® P/OH®
1 DMFd DMF 25 - 0/100 -
2 DMF TMG 25 D 100/0 100/0
3 DMF Cs2C0s3 25 39/61 100/0
4 DMF - 60 - 0/100 -
5 DMF Cs2C0s3 60 E 100/0 100/0
6 DMF K2COs 60 E 100/0 100/0
7 DMF T™MG 60 E 100/0 100/0
8 DMF TEA 80 - 0/100 -
9 DMF/HEP® TMG 25 A/D 100/0 91/9
10 DMF/HEP Cs2C0s3 25 A/E 100/0 23177
11 DMF/HEP K2CO3 25 A 100/0 0/100
12 DMF/HEP T™MG 60 D 100/0 100/0
13 DMF/HEP Cs2C0s3 60 A/E 100/0 81/19
14 DMF/HEP K2COs3 60 A/E 100/0 84/16

2 The reactions were carried out according to the General Procedure 2

b The conversion was calculated by P NMR comparing the signals of the IS signal and Pd(dppf)Cl2
<P/OH represents the ratio between the oxidation of phosphine (P) or alcohol (OH) to form Pd(0) and “nd”
= not determined.

4600uL of DMF-d»

¢ The solvent is a mixture of HEP 200uL and DMF-d~ 400pL
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3P NMR spectra of complete reduction as an example in both DMF and HEP/DMF

a) Entry 2, Table 19:
' 33 838 - a8 ™G (5
b A B 4 PddppfCl, + 1dppf o) Pd%(dppf)dppf(0)
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Figure 95. Pd(dppf)CL + 1 dppf + TMG (5 equiv) in DMF-d~ at rt for 20 min (top); after the addition of
3NO:ATr] to confirm the disappearance of the Pd(0) species (bottom).
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b) Entry 10, Table 19:
@ 3 H 285 gz o pevsp— =
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Figure 96. Pd(dppf)Cl2 + 1 dppf + Cs2COs (5 equiv) in DMF-dr at rt for 20 min (top); after the addition of
3NO2AT1l] to confirm the disappearance of the Pd(0) species (bottom).

2.2.4.4. Palladium pre-catalyst reduction with dppp
Table 20. 3'P NMR chemical shift in DMF-d7 and HEP/DMF-d7 (2:4) of palladium species with dppp.

entry Compound DMF-d7 HEP/DMF-d (2:4)
1 dppp -16.94 -17.01
2 dppp(0)*® -16.88; 30 -16.96; 31.71
3 Pd°(dppp)P 4.64 4.55
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4 Pd(OAC)2(dppp)® 11.31 11.44
5 Pd%dppp(O) 12.37; 30.12 12.53; 31.60
6 Pd(dppp)Cl2 13.11 13.25
7 dpppO® 30.58 31.83

adppp(O) is the label for the dppp mono-oxide
b According to the literature(?24

° Pd(OAc):

General Procedure 1:

Pd(OAC), + 2 dppp 222 O8IV bio(dnpp)

Solvent
T(°C)

To an oven-dried 20 mL Schlenk purged under argon atmosphere, the pre-catalyst
Pd(OACc)2(2.91 mg, 0.013 mmol, 1 equiv) was dissolved in the degassed solvent (0.6 mL).
Dppp (10.71 mg, 0.026 mmol, 2 equiv) and base (0.065 mmol, 5 equiv) were added. The
reaction was stirred for 20 minutes at the desired temperature and analyzed by 3'P NMR
analysis. To calculate the conversion of the uncompleted reduction, the triethyl
phosphonoacetate (0.0065 mmol, 0.5 eq) was added as internal standard (IS).

To further demonstrate that the formation of Pd(0) specie occurred, the 3NO:ArI (16.2
mg, 0.065 mmol, 5 equiv) was added to detect the formation of the oxidative addition
(OA) complex.

Table 21. All experiments carried out to study the Pd(OAc):dppp reduction in both DMF-d7 and HEP/DMEF-
d7. Rows underlined in grey have already been reported in Table 10.

Entry Solvent Base T (°C) Mech. Pd(0)/Pd(ll)® P/OH¢
1 DMF¢ - 25 E 11/89 100/0
2 DMF T™MG 25 - 0/100 -
3 DMF Cs2C0s3 25 E 23/77 100/0
4 DMF - 60 E 100/0 100/0
5 DMF Cs2C03 60 E 100/0 100/0
6 DMF K2COs 60 E 100/0 100/0
7 DMF/HEP® Cs2C0s3 25 AJE 100/0 nd
8 DMF/HEP K2COs 25 AJE 100/0 nd
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9 DMF/HEP Cs2C0s3 60 AE 100/0 nd

10 DMF/HEP K2COs 60 AJE 100/0 nd

2 The reactions were carried out according to the General Procedure 1
* The conversion was calculated by 3P NMR comparing the signals of the IS signal and Pd(OAc)2(dppp)
¢P/OH represents the ratio between the oxidation of phosphine (P) or alcohol (OH) to form Pd(0) and “nd”=

means not determined.
4600uL of DMF-d~
¢ The solvent is a mixture of HEP 200uL and DMF-d7 400uL

3P NMR spectra of complete reduction as an example in both DMF and HEP/DMF
a) Entry 5, Table 21:

= o
I

3

1
—16%0

Cs,C0; (5 equiv)
—_—

Pd(OAc)z + 2 dppp
DMF, 80°C
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P P P
NO, NO,
O;N
. o\
Wb " o
5 o -5 -10 -15
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Figure 97. Pd(OAc): + 2 dppp + Cs2COs (5 equiv) in DMF-drat 60°C for 20 min (top); after the addition of
3NO:ATr] to confirm the disappearance of the Pd(0) species (bottom). The Pd(0) species potentially involved
are shown in the first figure and all of them disappeared after the addition of the aryl halide. The possible
oxidative addition complexes involved are described according to the literaturel®]. Unfortunately, after the
addition of the aryl halide, the spectra usually showed poor quality and broad signals.
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b) Entry 7, Table 21:
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Figure 98. Pd(OAc)2 +2 dppp + Cs2COs (5 equiv) in HEP/DMEF-d7 (2/4) at rt for 20 min (top); after the addition
of 3BNO2Ar] to confirm the disappearance of the Pd(0) species (bottom). The Pd(0) species potentially
involved are shown in the first figure (as the labelled peaks at 25.85 ppm and 18.43 ppm, disappeared after
the addition of the aryl halide, it is reasonable to assume that these are some Pd(0) species).

The possible oxidative addition complexes involved are described according to the literaturel®l.
Unfortunately, after the addition of the aryl halide, the spectra usually showed poor quality and broad
signals.

o PdCl:

General Procedure 2:

Base (5 equiv) 0
Pd(ACN),Cl, + 2dppp » Pd(dppp)
Solvent

T(°C)
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To an oven-dried 20 mL Schlenk purged under argon atmosphere, the pre-catalyst
Pd(ACN):Cl2(3.41 mg, 0.013 mmol, 1 equiv) was dissolved in the degassed solvent (0.6
mL). Dppp (10.71 mg, 0.026 mmol, 2 equiv) and base (0.065 mmol, 5 equiv) were added.
The reaction was stirred for 20 minutes at the desired temperature and analyzed by 3P
NMR analysis.

To further demonstrate that the formation of Pd(0) specie occurred, 3NO:ATrI (16.2 mg,
0.065 mmol, 5 equiv) was added to detect the formation of the oxidative addition (OA)

complex.

Table 22. All experiments carried out to study the Pd(dppp)Cl2reduction in both DMF-d7 and HEP/DME-
d7. Rows underlined in grey have already been reported in Table 10.

Entry Solvent Base T(°C) Mech.> Pd(0)/Pd(ll)® P/OH®
1 DMFd - 25 - 0/100 -
2 DMF Cs2C0s3 25 - 0/100 -
3 DMF K2COs 25 - 0/100 -
4 DMF - 60 - 0/100 =
5 DMF TMG 60 - 0/100 -
6 DMF Cs2C0s3 60 E 100/0 100/0
7 DMF K2COs3 60 E 100/0 100/0
8 DMF/HEPY Cs2C0s3 25 A 100/0 0/100
9 DMF/HEP K2COs3 25 A 55/45 0/100
10 DMF/HEP Cs2C0s3 60 A/E 100/0 nd
11 DMF/HEP K2COs 60 A/E 100/0 nd

2 The reactions were carried out according to the General Procedure 2

b The conversion was calculated by P NMR comparing the signals of the IS signal and Pd(dppp)Cl2
<P/OH represents the ratio between the oxidation of phosphine (P) or alcohol (OH) to form Pd(0) and “nd”
=not determined.

4600uL of DMF-d»

¢ The solvent is a mixture of HEP 200uL and DMF-d7 400uL
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3P NMR spectra of complete reduction as an example in both DMF and HEP/DMF

a) Entry 6, Table 22:
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Figure 99. PA(ACN)2Cl2 + 2 dppp + Cs2COs (5 equiv) in DMF-dzat 60°C for 20 min (a); after the addition of 1
equiv dppp, the peak at 25.81 ppm disappeared and the peak at 18.83 ppm appeared (b); Although the
resolution of the 3P NMR spectra is often poor after the addition of aryl halide, the Pd(0) species have clearly
disappeared after the addition of the 3NO2ATI (c). It is therefore reasonable to assume that species at 25.81

ppm and 18.83 ppm are Pd(0) species in equilibrium.
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Figure 100. PA(ACN)2Cl2 + 2 dppp + Cs2COs (5 equiv) in HEP/DMEF-dr (2/4) at 60°C for 20 min (top); after the
addition of 3NO2ATrl (below). As the labelled peaks at 25.89 ppm and 18.34 ppm, disappeared after the
addition of aryl halide, it is reasonable to assume that these are Pd(0) species. The possible oxidative addition
complexes involved are shown, according to the literature!®”]

2.2.4.5. Palladium pre-catalyst reduction with Xantphos

Table 23. 3'P NMR chemical shift in DMF-d7 and HEP/DMF-d7 (2:4) of palladium species with Xantphos.

entry Compound DMF-d7 HEP/DMF-d7 (2:4)

1 Xantphos -17.79 -18.03

2 Xantphos(O)? -21.83; 25 -

3 3NO2ArPd"Xantphos(O) ® 9.42; 25.02 10.22

4 3NO2ArPdIXantphos 11.00 10.24

5 Pd%Xantphos(O) 17.08; 41.57 17.03; 41.54

6 Pd®Xantphos 19.39 19.18

7 PdCl2Xantphos 22.70 22.13

8 OXantphos 27.56 28.60

aXantphos(O) is the label for the Xantphos mono-oxide

® According to the literaturef?!

As the pre-catalyst Pd(OAc)2Xantphos is not soluble in DMF-d7, we used THF-dsinstead

of DMF
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Table 24. 3'P NMR chemical shift in THE-ds and HEP/THF-ds (2:4) of palladium species with Xantphos.

entry Compound THF-ds HEP/ THF-ds (2:4)

1 Xantphos(O) -21.5; 23.16 -21.70; 28.41

2 3NO2ArPdI(Xantphos) 10.87 10.79

3 3NO2ArPd"Xantphos(O) ® 11.62; 40.38 11.75, 40.65

4 Pd®Xantphos 18.86 18.80

5 Pd®Xantphos(O) 20.22; 39.53 -

6 Pd(OAc)2Xantphos 25.51 -

7 OXantphos - 29

Synthesis of palladium species with Xantphos
a) Entry 2, Table 23: Xantphos(O)

Pd(OAc), (3% mmol)
1-2 dibromoethane (1.5 equiv) Q Q
© DCE, rt - 80°C o

PPh2 PPh2 10% aqg. NaOH PPh2 pth\\

To an oven-dried 20 mL Schlenk purged under argon atmosphere, Pd(OAc): (3.4 mg,
0.015 mmol, 0.03 equiv), Xantphos (289.3 mg, 0.5 mmol, 1 equiv), 1,2-dibromoethane
(65uL, 0.75 mmol, 1.5 equiv), 10% NaOH aq. solution (2 mL) were added in 1.5 mL of
degassed 1,2-dicloroethane (DCE).

The result mixture was allowed to stir at 20°C for 12 hours, then warmed to 50°C for 5
hours, and at 80°C for 2 hours. Then, the result mixture was diluted with water (5 mL),
extracted with DCM (3 x 5 mL), the combined organic layers were washed with brine
and dried over Na2SOs. The solvent was removed by rotary evaporator and the crude
material was purified by silica gel chromatography (DCM/EtOAc 100/0 to 60:40) to yield
desired product as a pale yellow solid (30 mg, 17% yield)?>"1.
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b) Entries 4 and 6, Table 23: 3NO:2ArPdI(Xantphos) and Pd°Xantphos
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40 35 30 25 20 15 10 [ s 10 -15 20 2
f1 (ppm)
g . g
T 3NOAr S i
Pd(dba), + xantphos —————» Pd—xantphos
DMF
3NO,PIH
O o O
thp\ /PPhg
Pd,
3N02Pf/ \|
1
40 35 30 25 20 15 10 o 5 10 -15 20 2!
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Figure 101. Pd(dba)2(11.9 mg, 0.013 mmol, 1 equiv), Xantphos (6.94 mg, 0.013, 1 equiv) in DMF-dz. The peaks
at 10.25, 8.95 ppm are related to the dba coordinated to the Pd compound (top); addition of 3NO2ArI (16.18
mg, 0.065, 5 equiv) in DMF-d7 (bottom).
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c) Entry 5, Table 24: Pd°Xantpho
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Figure 102. Pd(dba)2(11.9 mg, 0.013 mmol, 1 equiv), xantphos (6.94 mg, 0.013, 1 equiv) in THF-ds. The peaks
at 10.74, 8.54 ppm are related to the dba coordinated to the Pd compound??l.

. Pd(OAc):

General Procedure 1:

Base (5 equiv)

Pd(OAc), + Xantphos » Pd%Xantphos

Solvent
T (°C)

To an oven-dried 20 mL Schlenk purged under argon atmosphere, the pre-catalyst
Pd(OACc)2(2.91 mg, 0.013 mmol, 1 equiv) was dissolved in the degassed solvent (0.6 mL).
Xantphos (7.52 mg, 0.013 mmol, 1 equiv) and base (0.065 mmol, 5 equiv) were added.
The reaction was stirred for 20 minutes at the desired temperature and analysed by 3'P
NMR analysis.

To further demonstrate that the formation of Pd(0) specie occurred, 3NO:Ar] (16.2 mg,
0.065 mmol, 5 equiv) was added to detect the formation of the oxidative addition (OA)
complex.

All the results have already been shown in Table 11, entries 8-14.
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3P NMR spectra of complete reduction as an example in both THF and HEP/THF
Entry 9, Table 11:
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Figure 103. Pd(OAc)2 + 1 Xantphos THF-dsat 60°C for 20 min (top); after the addition of 3NO2ArI to confirm
the disappearance of the Pd(0) species (bottom).
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b) Entry 14, Table 11:
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Figure 104. Pd(OAc)2 + 1 Xantphos + K2CO:s (5 equiv) THF-dsat rt 20 min (top); after the addition of 3SNO2ArI
to confirm the disappearance of the Pd(0) species (bottom).

. PdClL:

General Procedure 2:

PA(ACN),Cl, + Xantphos __B3S€ G €aUlV) 1oy hiohos

Solvent
T (°C)

To an oven-dried 20 mL Schlenk purged under argon atmosphere, the pre-catalyst
Pd(ACN)Cl2(3.37 mg, 0.013 mmol, 1 equiv) was dissolved in the degassed solvent (0.6
mL). Xantphos (7.52 mg, 0.013 mmol, 1 equiv) and base (0.065 mmol, 5 equiv) were
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added. The reaction was stirred for 20 minutes at the desired temperature and analyzed
by 3P NMR analysis.

To further demonstrate that the formation of Pd(0) specie occurred, 3NO:ArI (16.2 mg,
0.065 mmol, 5 equiv) was added to detect the formation of the oxidative addition (OA)

complex.

Table 25. All experiments carried out to study the Pd(Xantphos)Cl: reduction in both DMF-dr and
HEP/DME-d . Rows underlined in grey have already been reported in Table 11.

Entry Solvent Base T (°C) Mech. Pd(0)/Pd(ll)® P/OH¢
1 DMF¢ - 60 - 0/100 -
2 DMF TEA 80 - 0/100 -
3 DMF TMG 60 - 0/100 -
4 DMF Cs2C0s3 60 - 0/100 -
5 DMF K2CO3 60 - 0/100 -
6 DMF NaOAc 60 E 100/0 100/0
7 DMF/HEP® Cs2C0s3 25 A 100/0 0/100
8 DMF/HEP Cs2C0s3 25 A 100/0 0/100
9 DMF/HEP Cs2C0s3 60 A 100/0 0/100
10 DMF/HEP K2CO3 60 A 100/0 0/100

2 The reactions were carried out according to the General Procedure 2

b The conversion was calculated by 3P NMR comparing the signals of the IS signal and Pd(Xantphos)Cl2
<P/OH represents the ratio between the oxidation of phosphine (P) or alcohol (OH) to form Pd(0) and “nd”
=not determined.

4600uL of DMF-d»

¢ The solvent is a mixture of HEP 200uL and DMF-d7 400uL
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3P NMR spectra of complete reduction as an example in both DMF and HEP/DMF
a) Entry 6, Table 25:
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Figure 105. PA(ACN):Cl2 + 1 Xantphos + NaOAc (5 equiv) DMF-dr at 60°C in 20 min (according to the

literaturel?) (top); after the addition of 3NO:2ArI to confirm the disappearance of the Pd(0) species (bottom).
Those are not a good quality spectra, probably due to the insolubility issue of Pd(OAc)2Xanpthos.
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b) Entry 9, Table 25:
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Figure 106. PA(ACN)2ClL2 + 1 Xantphos + Cs2COs (5 equiv) HEP/DMF-d7 (4/2) at 60°C in 20 min (top); after
the addition of 3NO2ATrI to confirm the disappearance of the Pd(0) species (bottom).

2.2.4.6. Palladium pre-catalyst reduction with SPhos

Table 26. 3'P NMR chemical shift in DMF-d7 and HEP/DMF-d7 (2:4) of palladium species with SPhos

entry Compound DMF-d7 HEP/ DMF-d7 (2:4)
1 SPhos -8.58 -8.73
2 3NO2ArPd(SPhos)! 33.46 33.28
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3 Pd°(SPhos)? 39.18 39.30
4 Pd(SPhos)2Cl2 44.33 44.27
5 Pd(SPhos)2(OAc):2 46.01 48.50
6 OSPhos 46.03 48.30
7 3NO2ArPd(SPhos)(CsCOs) 51.21 48.83
8 Pd%(SPhos)? 63.50 63.30
2Pd’SPhos can exist in different conformations, according to the literature[?*s.
Synthesis of palladium species with SPhos
a) Entries 2, 7-8, Table 26:
a)
@ ? [ dehn}_*ZSPhonT Pd¥(SPhos) J 1 SPhos
Pd°SPhos
Pd"SPhos
|
0SPhos
JWMMMW/ A g i S i AT A A St M
6'0 ) 575 ) EYD T 4'5 ) 4‘0 i JYS l ;O 5“ (|:‘Drn)2° 1 1'0 o 5 ic 15
b)
T Py + 25Phos ——— PA(SPhos) — oA !
o Pd'—|
3NO,PH
) i) " |

25 20
1 (ppm)
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S1.21
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Figure 107. Pd(dba)2(11.9 mg, 0.013 mmol, 1 equiv), SPhos (10.67 mg, 0.026, 2 equiv) in DMF-d7 (600 pL) (a);
addition of 3NO2Arl (16.17 mg, 0.065 mmol, 5 equiv) (b); After the addition of Cs2COs (5 equiv), it is
reasonable to assume that the species at 51.21 ppm is the one shown in the figure on the basis of the
literature??,

° Pd(OAc):

General Procedure 1:

Base (5 equiv)

Pd(OAc), + 2 SPhos » Pd°SPhos + 1 OSPhos/SPhos

Solvent
T (°C)

To an oven-dried 20 mL Schlenk purged under argon atmosphere, the pre-catalyst
Pd(OACc)2(2.91 mg, 0.013 mmol, 1 equiv) was dissolved in the degassed solvent (0.6 mL).
SPhos (10.67 mg, 0.026 mmol, 2 equiv) and base (0.065 mmol, 5 equiv) were added. The
reaction was stirred for 20 minutes at the desired temperature and analyzed by 3'P NMR
analysis. To calculate the conversion of the uncompleted reduction, the triethyl
phosphonoacetate (0.0065 mmol, 0.5 eq) was added as internal standard (IS).

To further demonstrate that the formation of Pd(0) specie occurred, 3NO:Ar] (16.2 mg,
0.065 mmol, 5 equiv) was added to detect the formation of the oxidative addition (OA)

complex.
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Table 27. All experiments carried out to study the Pd(OAc)2(SPhos): reduction in both DMF-d7 and
HEP/DMEF-d7. Rows underlined in grey have already been reported in Table 12.

Entry Solvent Base T (°C) Mech. Pd(0)/Pd(ll)® P/OH®
1 DMF¢ - 25 - 0/100 -
2 DMF T™MG 25 - 0/100 -
3 DMF Cs2CO0s 25 E 71/29 100/0
4 DMF K2COs3 25 E 54/46 100/0
5 DMF - 60 E 29/71 100/0
6 DMF T™MG 60 E 15/85 100/0
7 DMF Cs2CO0s3 60 E 100/0 100/0
8 DMF K2COs3 60 E 100/0 100/0
9 DMF TEA 80 E 25/75 100/0
10 DMF/HEP® Cs2C0s3 25 AJE 100/0 40/60
11 DMF/HEP K2COs3 25 A 100/0 0/100
12 DMF/HEP T™MG 60 AJE 31/69 nd

2 The reactions were carried out according to the General Procedure 1

b The conversion was calculated by 3P NMR comparing the signals of the IS signal and Pd°SPhos

¢P/OH represents the ratio between the oxidation of phosphine (P) or alcohol (OH) to form Pd(0) and “nd”
=not determined.

4600 puL of DMF-d~

¢ The solvent is a mixture of HEP 200uL and DMF-d7 400uL

3P NMR spectra of complete reduction as an example in both DMF and HEP/DMF
a) Entry 8, Table 27:

K,CO4 (5
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Figure 108. Pd(OAc)2 + 2 SPhos + K2COs (5 equiv) + IS (0.5 equiv) in DMF-drat 60°C in 20 min.
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b) Entry 10, Table 27:
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Figure 109. Pd(OAc)z + 2 SPhos + CsCOs (5 equiv) + IS (0.5 equiv) in HEP/DMF-d7 (4/2) at rt in 20 min.

o PdClL:

General Procedure 2:

Base (5 equiv
Pd(ACN),Cl, + 2 SPhos (5 equiv) » Pd’SPhos + 1 OSPhos/SPhos

Solvent
T(°C)

To an oven-dried 20 mL Schlenk purged under argon atmosphere, the pre-catalyst
Pd(ACN)2Cl2(3.37 mg, 0.013 mmol, 1 equiv) was dissolved in the degassed solvent (0.6
mL). SPhos (10.67 mg, 0.026 mmol, 2 equiv) and base (0.065 mmol, 5 equiv) were added.
The reaction was stirred for 20 minutes at the desired temperature and analyzed by 3P
NMR analysis. To calculate the conversion of the uncompleted reduction, the triethyl
phosphonoacetate (0.0065 mmol, 0.5 equiv) was added as internal standard (IS).

To further demonstrate that the formation of Pd(0) specie occurred, 3NO:ArI (16.2 mg,
0.065 mmol, 5 equiv) was added to detect the formation of the oxidative addition (OA)
complex.

All results have already been shown in Table 12, entries 1-8.
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3P NMR spectra of complete reduction as an example in both DMF and HEP/DMF
Entry 7, Table 12:
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Figure 110. Pd(OAc)2 + SPhos (2 equiv) + Cs2COs (5 equiv) in HEP/DMF-dr (4/2) at 60°C in 20 min (top); b)
after the addition of 3NO2ArL

2.2.4.7. Investigation of Pd-NPs

To an oven-dried 20 mL Schlenk purged under argon atmosphere, the pre-catalyst
PdClx(ddpf) (14.6 mg, 0.02 mmol, 1 equiv) was dissolved in degassed DMF (0.5 uL),
followed by the addition TMG (65 pL from a stock solution of 0.66 M, 0.04 mmol, 2
equiv). After 30 min of stirring at 60°C, the solution was maintained under inert
atmosphere, transferred into a falcon with silicon septum and centrifugated. The
particles obtained were isolated by taking the supernatant and analysed by TEM.

The analysis showed the formation of palladium nanoparticles.
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50inm 1/(0)0) [l

Figure 111. TEM images of PdClz(dppf) reduction with TMG (5 equiv) in DMF at 60°C.

To an oven-dried 20 mL Schlenk purged under argon atmosphere, the pre-catalyst
PdClz(ddpf) (14.6 mg, 0.02 mmol, 1 equiv) and dppf (11.08 mg, 0.02 mmol, 1 equiv) were
dissolved in degassed DMF (0.5 uL), followed by the addition TMG (65 pL from a stock
solution of 0.66 M, 0.04 mmol, 2 equiv). After 30 min of stirring at 60°C, the solution was

maintained under inert atmosphere, transferred into a falcon with silicon septum and

centrifugated. The particles obtained were isolated by taking the supernatant and
analysed by TEM.

The analysis did not show the formation of palladium nanoparticles.
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Figure 112. TEM images of PdClz(dppf) reduction with dppf (1 equiv) and TMG (5 equiv) in DMF at 60°C.

2.2.4.8. Kinetic Isotope Effect (KIE)

The reaction was performed in a 20 mL Schlenk purged under argon atmosphere.
Pd(ACN):Cl2 (39.37 mg, 0.152 mmol, 1 equiv), SPhos (128.80 mg, 0.304 mmol, 2 equiv)
and Cs2C0Os3 (248 mg, 0.72 mmol, 5 equiv) were dissolved in 3.2 ml MeOH/D and 1.6 ml
DMEF-ds. The reaction was let at room temperature and monitored by 3P NMR
spectroscopy at intervals of 5 minutes for 25 minutes. The triphenylphosphine oxide (0.5

equiv) was used as internal standard. (Figure 86).

2.2.4.9. Pd reduction with different nucleophiles

To an oven-dried 20 mL Schlenk purged under argon atmosphere, the pre-catalyst
PdCI2(ACN):2 (3.4 mg, 0.013 mmol, 1 equiv), the ligand SPhos (10.7 mg, 0.026 mmol, 2
equiv) and K2CO:s (9.0 mg, 0.065 mmol, 5 equiv) were dissolved in degassed DMF (0.6
mL). The nucleophile (0.065 mmol, 5 equiv) of the selected reaction was then added. The
reaction was stirred for 20 minutes at the desired temperature and analysed by 3P NMR

analysis to evaluate the formation of the Pd’ complex (see results in Table 7).

2.2.4.10. Pd reduction with different ligands and green solvents

To an oven-dried 20 mL Schlenk purged under argon atmosphere, the pre-catalyst
PdCI2(ACN): (3.4 mg, 0.013 mmol, 1 equiv), the selected ligand (0.026 mmol, 2 equiv)
and K2CO:s (9.0 mg, 0.065 mmol, 5 equiv) were dissolved in the degassed solvent mixture
(0.6 mL). The reaction was stirred for 20 minutes at 60°C and analysed by *P NMR
analysis. To calculate the conversion of the uncompleted reduction, triphenylphosphine
oxide (0.0065 mmol, 0.5 equiv) was added as internal standard (IS) (see results in Table
13).

141



CHAPTER 2

2.2.4.11. Selectivity studies

To an oven-dried 20 mL Schlenk purged under argon atmosphere, the pre-catalyst
PdCL2(ACN): (3.4 mg, 0.013 mmol, 1 equiv), the ligand SPhos (10.7 mg, 0.026 mmol, 2
equiv) and K2COs (9.0 mg, 0.065 mmol, 5 equiv) were dissolved in degassed HEP (0.6
mL). The Ph-I (0.065 mmol, 5 equiv) and the nucleophile (4MePhB(OH): for the SM and
PhC=CH for the HC) were added to the solution. The reaction was stirred for 1h at rt and
analysed by HPLC to evaluate the formation of the desired product or the side products
(see Figure 84)

2.2.4.12. DFT calculations

DFT calculations were conducted at CINECA, through the Italian SuperComputing
Resource Allocation — ISCRA, using the Gaussian 16 software packagel?®. Geometry
optimizations for all reported structures were performed with the dispersion corrected
B3LYP-D3 functional with a mixed basis set of LANL2DZ for Pd and 6-31G(d) (for other
atoms)1. Frequency calculations were performed on all optimized structures to ensure
that each local minimum lacked imaginary frequencies and that each transition state
contained exactly one imaginary frequency. Solvation in DMF were introduced through
single point calculations at optimized gas-phase geometries for all the minima and
transition state using def2-TZVP for all atoms and the SMD implicit solvation model2%I,
The reported Gibbs free energies were corrected considering the thermal correction
computed at 298.15 K
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PYR H
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Figure 113. DFT-calculation-computed reaction profile and solution-state Gibbs free energies (AGowmr, kcal
mol) BBLYP/DEF2-TZVP level of theory at 298 K for stationary points of Mechanism A with carbonate.
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2.3. Copper-Free Heck-Cassar-Sonogashira and Suzuki-Miyaura
Reactions of Aryl Chloride: a Sustainable Approach

2.3.1. Introduction
As companies increasingly consider the sustainability aspects of their products

and supply chains, a growing focus on the environmental impact of pharmaceutical
production is stimulating innovation among chemists. In this context, metal catalysis
plays an important role in making synthesis shorter and more efficient, so the
development of sustainable approaches to cross-coupling reactions is becoming more
and more important. The goals of green chemistry and process chemistry are very
parallel, and transition metal catalysis intersects directly with these goals.

Focusing on the palladium cross-coupling reaction, the reagents aryl halides must
be considered. Indeed, aryl chlorides are more attractive than the corresponding
bromides, iodides and triflates from the point of view of cost and availability, but they
are less reactivel®l. In addition, solvents account for the majority of waste, so more
environmentally friendly alternatives need to be considered.

In this context, we investigated new methodologies for Suzuki-Miyaura and Heck-
Cassar-Sonogashira reactions that are among the most Pd cross-coupling reactions
studied and applied®! (see Chapter 1: General Introduction, Figure 6). The aim was to
identify flexible, reproducible and sustainable processes for HCS and SM cross-coupling
reactions that allow high yields by using cheap and less reactive aryl chlorides. The
process must be characterised by low metal loading, high reaction mass efficiency
(RME), competitive PMI values taking into account solvent and palladium recovery, and

avoidance of product metal contamination.

2.3.2. Results and Discussion
Sonogashira reactions with aryl iodides, bromides, and triflates with green

protocols using the mixture HEP/water as solvent, have already been studied by the
group!®®l. Building on these, we investigated the use of sSPhos in a HEP/water solvent
mixture for HCS and Suzuki-Miyaura (SM) cross-coupling reactions with aryl chlorides.
HEP is non-toxici?’!l, stable at elevated temperatures (flash point close to 212°C) and is
already widely available as it is used in the synthesis of N-vinyl-pyrrolidone. As
mentioned above, HEP has a very high affinity for water and with a HEP/water ratio
>8/2, solvent extraction of the final product with an immiscible solvent is generally very
efficient, leaving the metal in the HEP/water mixture. This feature is crucial to the
protocol and is in line with the International Council for Harmonisation (ICH) Q3D
guidelines for elemental impurities, which strictly limit metal content in active

pharmaceutical ingredients (APIs) to ensure quality and safety!?l.
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The HCS cross-coupling between phenyl halide 1a and phenylacetylene 2a was
carried out with 2 mol% of Pd(0) catalyst, generated in situ starting from Pd(ACN)2Cl2
and sSPhos, in HEP/water 70/30 and TMG as a base. These standard conditions were
used to evaluate the effect of the leaving group and, for PhCl 1a“, to define

concentration, temperature and stoichiometry (Table 28).

Table 28. Screening for the HCS in HEP/Water/TMG system conditions”.

Pd(ACN)>Cl» (2 mol%)
sSPhos (6 mol%)
TMG (1.1 equiv)
Ph-ClI + H————Ph » Ph—=——Ph +Ph%\\_
HEP/water (30%) Ph

la 2a 3a 4a

Entry Conc (M) X 2a (equiv) T(C) T(h) AAR®(h) Conv (%) 3alda

1 0.5 | 2.0 60 1 Rapid >99 >99/1
2 0.5 Br 2.0 60 2 Rapid >99 79/21
3 0.5 Cl 2.0 60 3 Rapid 20 2377
4 0.5 Cl 2.0 70 3 Rapid 25 32/68
5 0.5 Cl 2.0 80 3 Rapid 45 35/65
6 1.0 Cl 15 60 3 4 40 42/58
7 1.0 Cl 15 70 3 4 80 77123
8 1.0 Cl 1.05 70 8 8 >99 99/1
9 1.0 Cl 15 80 3 3 >99 90/10
10 1.0 Cl 1.05 80 4 4 >99 >99/1
11 1.0 Cl 1.05 90 3 3 >99 >99/1

2 All HCS couplings were carried out under nitrogen atmosphere with 2 mol% of Pd pre-catalyst and 6 mol% of sSPhos
ligand, 1.1 equiv of TMG, in HEP/water 7/3. Conversion and product ratios were determined by HPLC considering the
appropriate Relative Response Factor (RRF). > AAR= Alkyne Addition Rate.

The enyne side product, (E)-4-[phenylbut-1-en-3-ynyl]-benzene 4a, (see Paragraph
2.1.1., Figure 24b), became the main product moving from Phl 1a! to PhBr 1aPr and PhCl
1a® at 60°C (compare entries 1-3, Table 28). These results are determined by the
competition between the oxidative addition of the aryl halide and the alkyne 2a, and
when the OA step is slow, as with the chlorides, the self-hydroalkynylation becomes
significant. Increases in temperature and stoichiometry had no significant effect on the
outcome of the reaction (entries 4-5, Table 28). Based on our previous studies on the HCS
coupling®l, we introduced the slow addition of 2a to limit the formation of 4a with PhCl
1a®. However, at 60°C, the OA of PhCl 1a was too slow (entry 6, Table 28), but at 70°C
with a longer addition rate, the selectivity towards 3a was achieved (entry 7 vs 8, Table
28). Accordingly, complete conversion and selective formation of the bis-substituted
acetylene 3a were achieved by balancing reaction temperature and alkyne addition rate
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(entries 9-11, Table 28). The temperatures of 80°C and 90°C ensured an efficient OA of
PhCl 1a® on the Pd(0) complex and a complete conversion into 3a with 4 and 3 h addition
rates of 2a, respectively (entries 10 and 11, Table 28).

To have a further understanding of the competitive pathway, DFT calculations
have been performed by the group using Gaussian 16 with the B3LYP hybrid functional.
The differences in energy between the OA process of different aryl halides using SPhos
as the ligand and the first step of the enyne formation are compared (Figure 114).

P b Ph\,\ﬁ\ :
' Ph ' : 4 :
E \Pd'SPhOS E E Pd-SPhos E
. Tsl,Br,CI . ' TsHA H
\ s .
12.7
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Figure 114. DFT calculations in DMF of the OA of aryl halides and the first step of the phenylacetylene
insertion to give the enyne byproduct 4.

The reaction coordinate was studied starting from the monoligated Pd’SPhos
complex, since it is considered the active palladium species?®l, while SPhos was chosen
as ligand instead of the sulfonated sSPhos to simplify the calculations. Since the
experimental results showed that the enyne by-product is formed when the oxidative
addition is slow, we expected the alkyne insertion to have an energy similar to that of
the transition state of the oxidative addition of phenyl bromide. The Gibbs free energy
barrier for the oxidative addition of the PhI 1a' is only 1.1 kcal/mol, while the
phenylacetylene addition to the Pd°SPhos complex has a TSHA of 6.2 kcal/mol. This is
consistent with the fact that the formation of the enyne has never been observed during
reaction with aryl iodide. The energy barriers for the oxidative addition of PhBr 1aBr and

PhCl 1a“ are 7.0 and 12.7 kcal, respectively, confirming the experimental results
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described in Table 28. In fact, the formation of enyne 4 competed with the HCS coupling
product 3 when bromides and especially chlorides are the leaving groups. The
calculations were also performed without functional groups, but it is worth noting that
adding an electron-withdrawing groups, such as NO, to aryl chlorides lowers the
activation energy barrier for the oxidative addition. Specifically for 4-NOz-phenyl
chloride 1b, this reduces the energy barrier difference between aryl chloride and alkyne
oxidative additions from 12.7 to 7.5 kcal, making the reactions more accessible (see
Experimental Section, Figure 122).

The copper-free HCS reaction scope is described in Scheme 7. The couplings have
been performed using a recycling or thermomorphic procedure (Figure 115 and Table

29) and a low Pd loading protocol in Table 30.

Scheme 7. HCS Cross-Coupling Scope.
Pd(ACN),Cl,, sSPhos

RLCI . He—=— R? base (1.1 equiv) Rl_— R2
HEP/water (30%)
{1a R'=ph 1g R'=2COMePh ! | 2a R2=Ph ': 3a-q
1b R'=40,NPh  1h R'=FsPh || 2b R?=C(OH)Me,
! 1c R"=30,NPh 1i R'=2C0O,MeT | | 2¢ R?=CH,NMe,
! 1d R'=4NCPh  1j R'=7CIQ i1 2d R?=CH,0H
! 1e R'=4MeOPh 1k R'= py : f 2e R?= CHZ(CH2)3CH3

i 1f R'=4MePh 11 R'=3NH,Ph ! !

3l
4?/© \,\j/‘ @/C % jS -

Ha

3n 30

The aim of the study was to create a green and sustainable protocol able to ensure
efficient and fast reactions under mild conditions using a low percentage of palladium
catalyst. With this target, we started with the optimised conditions (entries 10-11, Table
28) to study the catalyst recycling starting from 2 mol %. After the complete conversion
of aryl chloride 1a to diphenylacetylene 3a, we performed a simple extraction with an
immiscible solvent to easily recover the final product, leaving the catalyst in the
HEP/water phase. This solution was reused in the following reaction cycle by simply
adding the two reagents and the TMG base. The results reported in Table 29 show that
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the catalyst generated in the HEP/water/TMG system could be easily recycled up to five

times, always maintaining high conversions.

a) Recycle batch reaction

HEP/water ]

Catalyst _— _—
TMG, 1+2 ‘

Stirring Immiscible solvent addition Extraction of 3

b) Thermomorphic conditions

\y K«

27 7
/ 3
—_— _—
Catalyst =)
HEP/water
™G, 1
Addition of 2 Stirring at higher Separation of 3 in the
solubilized in the temperature cosolvent
cosolvent (homogeneous)

t |

Figure 115. Batch reaction with catalyst recycling (a) and thermomorphic protocol (b).

To demonstrate the robustness of the protocol, the reaction was extended to
substituted aryl chlorides and acetylenes. The mildest conditions were investigated,
starting from those identified in the model reaction between 1a and 2a. While the
presence of electron-withdrawing groups on the aromatic ring did not affect the
reactivity (entries 2—4, Table 29), the transformation of differently substituted acetylenes
and electron-donating substrates required the application of modified conditions. Even
when the temperature was increased to 90°C and the acetylene addition was slowed
down to 4 hours, it was still possible to obtain three recycles and maintain conversions
higher than 95% and good yields (entries 5-10, Table 29). We also evaluated the
effectiveness of inorganic bases and we found that Cs2COs is a good alternative to TMG
(see entries 1 and 11, Table 29). Another interesting characteristic of the HEP/water 7/3
mixture was the possibility of carrying out the reaction under thermomorphic conditions
by adding a third solvent. Indeed, by using toluene or isobutyl acetate (IBA) as
cosolvents, the mixture was immiscible at room temperature and a homogeneous
solution was obtained at temperatures above 80°C. Therefore, the HCS protocol was
investigated using the new thermomorphic mixtures®4 of HEP/water/toluene or HEP/
water/IBA in a 7/3/5 ratio.

147



CHAPTER 2

Table 29. HCS Reaction Scope and Catalyst Recycling®

Pd(ACN),Cl; (2 mol%)
sSPhos (6 mol%)

oo 4 p— e —TMS(1eww R=—r e
HEP/water (30%)

1a-f 2a-e 1oM 3a-i
Entry R-CI Alkyne (Ae”q(mg (01(-:) Cycl((;)time AAR Cycles TON Product Yéf/(l);jb
1¢ la 2a 1.05 90 3 3h 5 230 3a 90
2c 1b 2a 1.05 80 3 3h 5 235 3b 94
3 lc 2a 1.05 80 3 3h 5 235 3c 94
4 1d 2a 1.05 80 3 3h 5 233 3d 93
5 le 2a 1.05 90 4 4h 3 138 3e 92
6 1if 2a 1.05 920 4 4h 3 138 3f 92
7 la 2b 15 90 4 4h 3 135 39 90
8 la 2c 15 90 4 4h 3 132 3h 88
9 la 2d 15 920 4 4h 3 134 3i 89
10 la 2e 15 90 4 4h 3 129 3] 86
11¢ la 2a 1.05 90 3 3h 5 232 3a 92
12¢ la 2a 1.05 90 3 3h 3 135 3a 90
13 la 2a 1.05 90 3 3h 3 135 3a 92

2 All HCS couplings were carried out under nitrogen atmosphere and the cycle time correspond to the alkyne addition
time. At the given time the reactions were cooled at rt, extracted with the appropriate organic solvent and the HEP/water
phase containing the catalyst was recycled. b The combined extraction solvents were distilled, and the crude was
subsequently purified by flash chromatography, when necessary. ¢ Reaction time extended to 4h hours in the last two
cycles. ¢ The reaction was performed using Cs2COs instead of TMG. ¢ Reaction performed in a thermomorphic way
through slow addition of acetylene in toluene over the course of the reaction. f Reaction performed in a thermomorphic
way through slow addition of acetylene in IBA over the course of the reaction.

A solution of 2a in toluene or IBA was added over 3 hours and, after cooling to
room temperature, 3a was easily recovered by phase separation and the catalyst was
recycled (see entries 12 and 13, Table 29 and Figure 115b). The thermomorphic
procedures reported in the literature for the HCS coupling are carried out at temperature
above 100°C with aryl iodides and bromides in non-sustainable solvents(2352%I,

The recycling protocol is ideal for products sensitive to temperaturel. Indeed,
when the reaction was carried out with low palladium loading, the reaction time

increased consistently (see Table 30).
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Table 30. Direct HCS Reaction between Aryl Chlorides 1a—1 and Alkynes 2a—e*

PA(ACN),Cl, , sSPhos

R'—Cl + H—=R? pase (1 Tealy) RI—=—r? ~Y

HEP/water (30%) -

1a-l 2a-e 90°C. 16h 3a-q
Entry Conc R-ClI Alkyne Alkyne Pd(Il) Base Conv® Yield TON  Product
(M) (equiv)  (mol%) (%) (%)

1 1.0 la 2a 1.05 0.4 ™G 70 65 163 3a
2 1.0 le 2a 1.05 0.6 ™G 61 56 140 3e
3 1.0 la 2a 1.05 0.4 Cs,CO;  >99 94 235 3a
4 1.0 le 2a 1.05 0.6 Cs,CO;  >99 92 150 3e
5 25 la 2a 1.05 0.2 Cs,CO;  >99 93 465 3a
6 25 1b 2a 1.05 0.2 Cs,CO;  >99 94 470 3b

7 25 1c 2a 1.05 0.2 Cs,CO;  >99 95 475 3c

8 25 1d 2a 1.05 0.2 Cs,CO;  >99 93 465 3d
9 25 le 2a 1.05 0.4 Cs,CO;  >99 90 225 3e
10 25 1f 2a 1.05 0.4 Cs,CO;  >99 91 228 3f
11 25 la 2b 1.2 0.4 Cs,CO;  >99 90 225 39
12 25 la 2c 1.2 0.4 Cs,CO;  >99 91 228 3h
13 25 1b 2d 1.2 0.4 Cs,CO3  >99 90 225 3i
14 25 1b 2e 1.2 0.4 Cs,COs;  >99 90 225 3j
15 25 19 2a 1.5 0.4 Cs,CO;  >99 94 235 3k
16 25 1h 2a 15 0.4 Cs,COs;  >99 92 230 3l
17 25 1i 2a 15 0.4 Cs,COs;  >99 93 233 3m
18 25 1j 2a 1.5 0.4 Cs,CO;  >99 90 225 3n
19 25 1k 2a 1.5 0.4 Cs,CO;  >99 91 228 30
20 25 1h 2b 2.0 0.4 Cs,CO3  >99 91 228 3p
21 25 1l 2b 2.0 0.4 Cs,CO3 61 52 130 3q

2All HCS couplings were carried out under nitrogen in a HEP/water 7/3 solution, and the alkyne 2 was slowly added
within the given reaction time. The reactions were cooled at rt and extracted with the appropriate organic solvent. The
extraction solvent was distilled, and the crude was subsequently purified with flash chromatography when necessary:
Determined with HPLC considering the appropriate RRF.

Aryl chlorides 1a and 1e were chosen as model examples to assess the validity of
the study. As TMG is unstable under long reaction time at high temperature?”! (entries
1 and 2, Table 30), Cs2COs was used and complete conversions were successfully
achieved (entries 3 and 4, Table 30). The process was then further optimised to reduce
the required amount of Pd catalyst, improve the TON, and reduce the PMI of the
protocol. Therefore, the amount of catalyst was reduced to 0.2 mol% in a 2.5 M solution,
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achieving conversions above 95% for the model reaction and for those with substrates
containing electron-withdrawing groups (entries 5-8, Table 30), while 0.4 mol% was
required for more challenging substrates (entries 9-21, Table 30). The synthesis of
erlotinib intermediate 3q starting from 3-choloro-aniline 11 was not competitive with
respect to the industrial process that uses the corresponding bromide as the starting
material®l. The conversion was only 61% (entry 21, Table 30) and the catalyst increase
did not change the activity. Based on our previous studies, the aniline moiety is able to
enter the coordination sphere of the metal slowing down the reaction ratel*!.

The PMI and the PMI after recovery (PMIr) were calculated in Table 29 and Table
30 at 5 and 10 mmol scales, respectively. The recycling of the catalyst and solvent for the
reactions described in Table 29 allowed us to achieve a PMI of 18. After recovery of the
extraction solvent, HEP and palladium achieve a PMIr value close to 3. In the reactions
reported in Table 30 at a concentration of 2.5 M with 0.2-0.4 mol% of catalyst, the PMI
reached 11, while the PMIr was around 4 for all entries.

The SM reactions are, as mentioned above, the most widely used Pd cross-
coupling reactions. In addition, the main advantage over other cross-coupling protocols
is the use of boron compounds as coupling partners, which are readily available and give
high yields and good selectivity with a wide functional group tolerance. For these
reasons, we also investigated the applicability of our protocol for SM reactions. To
pursue this aim, we selected to investigate the reactivity between 1a and phenylboronic
acid 5a as a standard SM reaction in the presence of different inorganic bases and at 45°C,
60°C and 90°C (see Table 31).

Table 31. SM screening inorganic base screening.?
PA(ACN),Cl,, sSPhos
Base (1.1 equiv)

Ph—Cl + Ph-B(OH), » Ph—Ph
1.0 mmol HEP/water (40%)
1a 5a 1.0M 6a
Entry  Pd (%) 5a (equiv) Base T(°C) Time(h) Conv.P(%)

1 0.1 1.2 Cs,CO3 45 16 100
2 0.2 1.05 Cs,CO3 45 16 100
3 0.2 1.05 KoCO3 45 16 100
4 0.2 1.05 Na,COs 45 16 100
5 0.2 1.05 K3PO4 45 16 100
6 0.05 1.05 Cs,CO3 60 8 100
7 0.05 1.05 KoCO3 60 16 85
8 0.05 1.05 Na,COs3 60 16 83
9 0.05 1.05 K3PO4 60 16 76
10 0.05 1.05 Cs,CO3 90 4 100
11 0.05 1.05 KoCO3 90 4 100

aAll SM couplings were carried out under nitrogen in a HEP/water 6/4 solution. ® Determined with HPLC considering the
appropriate RRF.
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The results reported in Table 31 highlight that an increasing in palladium loading or an
excess of boronic acid is required to achieve complete conversions at 45°C (entries 1 and
2, Table 31). Similar data were obtained with other inorganic bases tested (entries 3-5,
Table 31). Differently, a complete conversion at 60°C was only achieved with Cs2COs
using 0.05 mol% of Pd, 0.15 mol% of sSPhos, and 5% excess boronic acid (compare entries
6 vs 779, Table 31). Using Cs2COs and K2CO:s at 90°C, we obtained 100% conversion after
4 hours showing that they are superior compared to Na2COs and KsPOu.

Scheme 8. SM Reaction Scope

Pd(ACN),Cl, (0.05 mol%)
sSPhos (0.15%)

HEP/water (40%), 1.0 M

RLCI + R™-B(OH), R'—R?
1.0 mmol 1.05 equiv (i) Cs2CO3 (1.1 equiv), 90°, 4h
________________________________ . or 60° 8-14h
! ‘1a R'=Ph 1k R'=py ' | 5a R2=Ph (i) KoCO3 (1.1 equiv), 90°, 4h 6a-j
'1b R'=40,NPh 1m R'=20,NPh ! ! 5b R?=4MeOPh! conv. > 99% PMI= 27
‘1e R'=4MeOPh 1n R'=2COHPh: ! 5¢ R?=4MePh | PMir~ 7
{1f R'=4MePh | 1 5d R2=FpPh |
6d MeO 6e
CSZCO3 (v 95%) (252603 (Y 90%) CSZCO (Y=94%) Cs,CO; (Y=92%) Cs,C0; (Y=92%)
K,CO, (Y=94%) K,CO, (Y=00%)* K,CO, (Y=91%)* K,CO, (Y=90%) K,CO5 (Y=90%)
,/‘ ‘/‘ ‘/‘ ®
O,N N
6g 6h
Cs,C0, (y 93%) Cs,CO4 (Y=95%) Cs,CO3 (Y=94%) Cs,C0O; (Y=95%) Cs,CO3 (Y 93%)
K,CO, (Y=93%) K,CO4 (Y=93%) K,CO3 (Y=93%) K,CO4 (Y=94%) K,CO, (Y=91%)*

*conv. > 99% after 8h

The reaction scope shown in Scheme 8 was defined using the rapid protocol at
90°C with K2COsand at 60°C with Cs2COs. The former ensures rapidity, while the latter
requires less energy in terms of temperature, but a longer reaction time. Using these
optimised reaction conditions, independently from the substitutions on the aryl
chlorides and boronic acids, the conversions were always >99% with yields exceeding
90%.

The simplicity of the procedure and the high purity of the product are key aspects
of this reaction protocol. The use of readily available solvents such as cyclohexane and
tert-butyl acetate for extraction, followed by direct isolation by evaporation, streamlines
the process making it efficient and cost effective. The high purity of the product
eliminates the need for additional purification steps, saving time and resources. Such
optimised procedures are important for the development of industrial synthesis, as they
help to increase productivity and ensure the production of high-quality compounds. To
validate this methodology, the synthesis of two fungicides containing a biaryl-motive,
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such as Boscalid and Fluxapyroxad, was explored (Scheme 9). Due to the high market
demand®2! for these products, it is important to have a low PMI and a decrease in Pd
loading.

Scheme 9. General Sequence for the Industrial Synthesis of Boscalid and Fluxapyroxad.

Cl
/@ B(OH), cl O
Cl O 1. Reduction
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@: HEP/water (40%) F Boscalid
NO,

Z
o
N

90°C, 6h F F E
19 F F
10 mmol . 1. Reduction
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PMI (6k,61) = 18
PMIr (6k,6l) =5

Fluxapyroxad

The reaction between 1g and 5d/5e in HEP/water was therefore studied and
carried out following a procedure similar to the one described in Scheme 8, giving
complete conversions to the desired product after 6 hours. The average PMI calculated
for the reactions reported in Scheme 8 was around 27 and after recovery of solvent and
the metal decreased to 7. Similarly, for the SM of Boscalid and Fluxapyroxad, the PMI
was around 18 and the PMIr was 5, obtaining values that are among the best results in
the field. The reaction mass efficiency with the 5% excess of boronic acid is around 65—
68%. However, the 5% excess of the boronic acid was used only because of the small
scale. The synthesis of Boscalid and Fluxapyroxad intermediated was scaled up 10 times
with an equimolecular ratio between the reagents increasing the RME of >70%.

Scheme 10. One-Pot Reactions: HCS-HCS and HCS-SM.

HC HC
9 OH
Pd(ACN),Cl, (2 mol%) TMG (1.1 equiv) OH
sSPhos (6%) = ) y
! OH TMG (1.1 equiv) =—Ph (1.05equiv)
a) + =z
HEP/water (30%) HEP/water (30%)
1.0 M, 60°C, 2h CI 1.0 M, 90°C, 3h
Cl conv. > 99% conv. > 99% ‘ ‘
7 2b 8 9
(1.05 equiv) Ph y=02%
HC M
OH
Pd(ACN),Cl, (2 mol%) OH Cs,C0; (1.1 equiv)
| OH sSPhos (6%) P> Bh—B(OH) (1.05 equi Z
b) L TMG (1.1 equiv) Z (OH)2 (1.05 equiv)
= HEP/water (30%) HEP/water (40%)
al 1.0 M, 60°C, 2h 1.0 M, 90°C, 1h Ph
conv. > 99% Cl conv. > 99%
7 2b 8 10
(1.05 equiv) Y=96%
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Owing to the reaction efficiency and chemoselectivity of the described protocols, the
one-pot sequences of HCS-HCS and HCS-SM reactions were carried out (Scheme 10).
To achieve our goal, we chose 1-chloro-3-iodobenzene 7 as the model substrate and
performed a one-pot HCS-HCS reaction in one case (Scheme 10a) and a one-pot HCS~
SM in the other case (Scheme 10b), exploiting the different reactivity of the iodide leaving
group towards chloride.

The reaction between 7 and alkyne 2b with 2 mol % of palladium catalyst and TMG as a
base, gave the selective product 8 with complete conversion in 2 hours at 60°C. The direct
slow addition of phenylacetylene 2a and TMG at 90°C allowed complete conversion to
product 9 without any work-up. Similarly, after the formation of product 8, the addition
of phenylboronic acid 5a and Cs2COs at 90°C gave product 10 with 99% conversion.

2.3.3. Conclusion
In this study, we have reported fast and efficient protocols for HCS and SM

reactions with less reactive aryl chlorides in the sustainable mixture HEP/water, giving
excellent results in terms of yield, TON, RME and PMI. We have shown that the
conditions must be adapted according to the typology of the chlorides and the cross-
coupling, in fact the HCS cross-coupling requires the use of Cs2COs as a base for the
reaction with low palladium loading, whereas the SM can also be carried out in the
presence of K2COs.

By controlling the stoichiometry in the Heck-Cassar and Suzuki-Miyaura
reactions, we were able to generate products in high yield and without purification for
the SM. Eliminating the need for product purification is critical for industrial
applications because it means less waste, lower environmental impact, energy efficiency
and competitiveness. In particular, the SM protocol allowed the acquisition of pure
products with 0.05 mol% of catalyst loading with fast and selective reactions at 90°C
faster or 60°C with longer reaction times. Furthermore, by exploiting the different
reactivities of aryl halides, we have shown that HC and SM reactions can be carried out
in sequence, providing access to complex architectures. Two agrochemicals, Boscalid
and Fluxapyroxad, were synthesised in one-pot reactions with excellent yields and PMI
and RME of around 19% and 72% respectively, demonstrating the high efficiency and
flexibility of the developed protocol.
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2.3.4. Experimental Section

2.3.4.1. General Information

Commercial reagents (reagent grade, >99%) were used as received without additional
purification. Solvents (cyclohexane (Cy), dichloromethane (DCM), methyl-tert-butyl
ether (MTBE), N-hydroxyethylpyrrolidone (HEP), toluene, 2-methyltetrahydrofuran (2-
MeTHEF), isobutylacetate (IBA), isopropyl alcohol (IPA) and deuterated N,N-
Dimethylformamide (DMF-d7)) are commercially available and were used after
degassing. '"H NMR, ®C NMR and 3P NMR spectra were recorded with an Agilent-
Technologies-Varian INOVA 400 MHz and 100 MHz instrument 'H/F/X 5 mm PFG ATB
Broadband Probe, VT, single, double and triple resonance, z-axis pulsed field gradients,
serves broadband probe and customized variable temperature — 5 mm Broadband probe.
NMR multiplicities are abbreviated as follows: s = singlet, d = doublet, t = triplet, q =
quartet, spt = septet, m = multiplet, bs = broad signal. Coupling constants | are given in
Hz. All '"H and C chemical shifts are calibrated to residual proto-solvents. HPLC-UV
analysis was recorded with an Agilent 1260 InfinityLab instrument. Column: Zorbax®
SB-C18; particle size 5 um; pore size 100 A; length 250 mm, internal diameter: 4.6 mm.
Mobile phase A: H20, mobile phase B: ACN. Gradient (Time(min), %B): 0, 30; 8, 80; 22,
80; 24, 10; 30, 10; flow 0.5 mL min-'column temperature 30°C; injection volume: 20 pL.
NE-1010 Higher Pressure Syringe Pump used to perform slow-addition of acetylenes in
the Heck-Cassar-Sonogashira cross-coupling reactions. Mass Spectrometry analysis was
recorded on a QTRAP 3200 mass spectrometer in ESI* mode. Spectrometer ICP-OES
AGILENT 5110 was used to determine the concentration of Pd in the solution. Power:
1200 W; Auxiliary gas: Argon (1.0 L min™); nebulizer gas: nitrogen (0.7 L min™);
peristaltic pump speed: 12 rpm. Samples for ICP-OES were digested with 8 mL
HNOs/HCI (1:3) using a microwave digestion system held at 175 °C for 10 minutes. The
volume of the digests was then made up to 50 mL with de-ionized water before analysis
by ICP-OES. Calibration standards for the quantification of the digested samples were
prepared in 5% HNOs. Palladium standards from Faggi Enrico and 2'-
Dicyclohexylphosphino-2,6-dimethoxy-3-sulfonato-1,1'-biphenylhydrate

sodium (sSPhos) from Chemieliva Pharmaceutical Co., Ltd.

2.3.4.2. General procedures

a) Heck-Cassar reactions with 2 mol% of catalyst!*!:

Pd(ACN),Cl, (2 mol%)
sSPhos (6 mol%)
TMG (1.1 equiv)

\

A

A
N

R'-clI + H—=——R?
HEP/water (30%)
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To an oven-dried 10 mL Schlenk purged under N2 atmosphere, the palladium
pre-catalyst Pd(ACN)2Cl2 (0.02 mmol, 2 mol%, 5.2 mg), sSPhos, (0.06 mmol ,6 mol%, 30.8
mg) were dissolved in HEP and water as co-solvent in a 7/3 ratio. The other reagents
were then added in the following order: TMG (126.9 mg, 138.0 uL, 1.1 mmol, 1.1 equiv)
and aryl chloride (1.0 mmol, 1.0 equiv). The reaction mixture was heated to 80-90°C with
an oil bath and alkyne (from 1.05 to 1.5 equiv) was added slowly with a syringe pump
over the course of the reaction; the conversion was evaluated through HPLC-UV analysis
at 210 nm considering the appropriate RRF (see below). At reaction completion, the
mixture was extracted with an appropriate organic solvent (3x1 mL). The collected
organic phases were concentrated under reduced pressure. The reaction crude was

purified, when necessary, by flash chromatography.

b) Heck-Cassar reactions with 0.2-0.4 mol% of catalyst!*:

Pd(ACN),Cl,, sSPhos
Cs,CO3 (1.1 equiv)
R'—cCI + H————R? - R'——=—=—R?
HEP/water (30%)

1.0-25M
1 2 3

Preparation of stock solution of the HCS catalyst:

To an oven-dried 10 mL Schlenk purged under N2 atmosphere, palladium pre-catalyst
Pd(ACN)Cl2 (0.02 mmol, 5.2 mg) and ligand sSPhos, (0.06 mmol, 30.8 mg) were
dissolved in 2 mL of HEP/water(30%) solution. The mixture was stirred for 5 min at room
temperature. A yellow-orange solution was obtained for subsequent HCS reactions

(stock solution is stable and can be used even after one week).

Procedure:

To an oven-dried 10 mL Schlenk purged under N2 atmosphere, 200 puL of the stock
solution (0.2 mol% of palladium catalyst) was added along with the amount of
HEP/water (30%) solution needed to achieve the desired concentration. The other
reagents were then added in the following order: Cs2COs (358 mg, 1.1 mmol, 1.1 equiv)
and aryl chloride (1.0 mmol, 1.0 equiv). The reaction mixture was heated to 80-90°C with
an oil bath and alkyne (1.05 mmol, 1.05 equiv) was added slowly with a syringe pump
over the course of the reaction; the conversion was evaluated through HPLC-UV analysis
at 210 nm considering the appropriate RRF (see below). At reaction completion, the
mixture was extracted with an appropriate organic solvent (3x1 mL). The collected
organic phases were concentrated under reduced pressure. The reaction crude was

purified, when necessary, by flash chromatography.
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c) General procedure for Suzuki-Miyaura cross-coupling:

Pd(ACN),Cl, (0.05 mol%)
sSPhos (0.15%)
HEP/water (40%), 1.0 M

RLCI + R*-B(OH), » R'—R2
1.0 mmol 1.05 equiv (i) Cs,CO3 (1.1 equiv), 90°, 4h
or 60° 8-14h
1 5 (i) KoCO4 (1.1 equiv), 90°, 4h 6

conv. > 99%

Preparation of stock solution of the SM catalyst:

To an oven-dried 10 mL Schlenk purged under Nz atmosphere, palladium pre-catalyst
Pd(ACN)Cl2 (0.04 mmol, 10.4 mg) and ligand sSPhos, (0.12 mmol, 61.6 mg) were
dissolved in 4 mL of HEP/water(40%) solution. The mixture was stirred for 5 min at room
temperature. A yellow-orange solution was obtained for subsequent SM reactions (stock

solution is stable and can be used even after one week).

Procedure:

To an oven-dried 10 mL Schlenk purged under N2 atmosphere, 50 uL of the stock
solution (0.05 mol% of palladium catalyst) was added along with the amount of
HEP/water (40%) solution needed to achieve the desired concentration. The other
reagents were then added in the following order: base (1.1 mmol, 1.1 equiv), aryl chloride
(1.0 mmol, 1.0 equiv) and boronic acid (1.05 mmol, 1.05 equiv). The reaction mixture was
heated to the desired temperature with an oil bath and maintained at this temperature
under stirring; the conversion was evaluated through HPLC-UV analysis at 210 nm
considering the appropriate RRF (see below). At reaction completion, the mixture was
extracted with an appropriate organic solvent (3x1 mL). The collected organic phases
were concentrated under reduced pressure. The product was isolated without need of
purification.

d) Recycling protocol for HCS coupling!*!:

After complete conversion of the desired reaction (monitored with HPLC-UV at 210 nm),
the mixture was extracted three times under N2 with an appropriate organic solvent, not
miscible with the HEP/water solution (Cy, MTBE, toluene, 2-MeTHF, IBA and IPA). The
organic layer was removed with a syringe, another portion of base, aryl chloride and
acetylene (slowly over the curse of the reaction) were added to the HEP/water phase and
another catalytic cycle was performed at 80-90°C. The conversion of the new cycle of
reaction was monitored by the previously mentioned analysis. The organic phases
obtained from the different cycles were combined, distilled to recover the organic

solvent, and the residue purified, when necessary, by flash chromatography.
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e) Thermomorphic protocol for HCS coupling:

To an oven-dried 10 mL Schlenk purged under N2 atmosphere, palladium pre-catalyst
Pd(ACN)Cl2 (0.02 mmol, 2 mol%, 5.2 mg), sSPhos, (0.06 mmol ,6 mol%, 30.8 mg) were
dissolved in HEP and water as co-solvent. The other reagents were then added in the
following order: TMG (126.9 mg, 138.0 puL, 1.1 mmol, 1.1 equiv) and aryl chloride (1.0
mmol, 1.0 equiv). The reaction mixture was heated to 90°C with an oil bath and
phenylacetylene 2a (1.7.2 mg, 115.3 pL, 1.05 mmol, 1.05 equiv) was added slowly with a
syringe pump over the course of the reaction in 0.5 mL of toluene or IBA in a
HEP/water/toluene or HEP/water/IBA 7/3/5 ratio; the conversion was evaluated through
HPLC-UV analysis at 210 nm considering the appropriate RRF (see below). At reaction
completion, by simply cooling the reaction mixture at room temperature, the separation
of toluene (or IBA) containing the product 3a occurred, that was simply extracted with a
syringe. It was possible to recycle the catalyst and the HEP/water solution three times.
The organic phases obtained from the different cycles were combined, distilled to

recover the organic solvent, and the residue purified by flash chromatography.

f) SM Scope with Cs2COs and K2COs:

To an oven-dried 10 mL Schlenk purged under N2 atmosphere, an aliquot of the stock
solution was added along with the amount of HEP/water (40%) solution needed to
achieve the desired concentration. The other reagents were then added in the following
order: Cs2COs (1.1 mmol, 357 mg, 1.1 equiv) or K2COs (1.1 mmol, 152.1 mg, 1.1 equiv),
aryl chloride 1a-1In (1.0 mmol, 1.0 equiv) and aryl boronic acid 5a-5d (1.05 mmol, 1.05
equiv). The reaction mixture was heated at the desired temperature with an oil bath and
maintained at this temperature under stirring; the conversion was evaluated through
HPLC-UV analysis at 210 nm considering the appropriate RRF (see below). At reaction
completion, the mixture was extracted with an appropriate organic solvent (3x1 mL). The
collected organic phases were concentrated under reduced pressure. The product was
isolated without need of purification.

g) One-pot HCS-HCS cross-coupling reactions:

To an oven-dried 10 mL Schlenk purged under N2 atmosphere, palladium pre-catalyst
Pd(ACN)2Cl2 (0.02 mmol, 2 mol%, 5.2 mg), sSPhos, (0.06 mmol ,6 mol%, 30.4 mg) were
dissolved in HEP and water as co-solvent. The other reagents were then added in the
following order: TMG (126.7 mg, 138.0 uL, 1.1 mmol, 1.1 equiv), 1-chloro-3-iodobenzene
7 (238.4 mg, 123.8 puL, 1.0 mmol, 1.0 equiv) and alkyne 2b (92.5 mg, 106.6 uL, 1.1 mmol,
1,1 equiv). The reaction mixture was heated to 60°C with an oil bath and the conversion
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was evaluated through HPLC-UV analysis at 210 nm. After 2h, intermediate 8 was
achieved with a complete conversion and a selectivity >99%. The mixture was then
heated to 90°C, TMG (1.1 equiv) was directly added and phenylacetylene 2a was added
slowly in 4h with a syringe pump in order to achieve product 9 with 95% of conversion.
The mixture was extracted with IBA (3x5 mL). The collected organic phases were
concentrated under reduced pressure. The reaction crude was purified by flash
chromatography.

h) One-pot HCS-SM cross-coupling reactions:

To an oven-dried 10 mL Schlenk purged under N2 atmosphere, palladium pre-catalyst
Pd(ACN)Cl2(0.02 mmol, 2 mol%, 5.2 mg), sSPhos, (0.06 mmol, 6 mol%, 30.4 mg) were
dissolved in HEP and water as co-solvent. The other reagents were then added in the
following order: TMG (126.7 mg, 138.0 uL, 1.1 mmol, 1.1 equiv), 1-chloro-3-iodobenzene
7 (238.4 mg, 123.8 puL, 1.0 mmol, 1.0 equiv) and alkyne 2b (92.5 mg, 106.6 uL, 1.1 mmol,
1,1 equiv). The reaction mixture was heated to 60°C with an oil bath and the conversion
was evaluated through HPLC-UV analysis at 210 nm. After 2h, intermediate 8 was
achieved with a complete conversion and a selectivity >99%. The mixture was then
heated to 90°C, Cs2CO:s (358.4 mg, 1.1 mmol, 1.1 equiv) and phenyl boronic acid 5a (128.0
mg, 1.05 mmol, 1.05 equiv) were directly added to the solution. The reaction was
complete in 1h giving product 10 with a complete conversion. The mixture was extracted
with IBA (3x5 mL). The collected organic phases were concentrated under reduced

pressure in order to achieve compound 10 without need of purification.

2.3.4.3. Calculation of TON, PMI and PMIr
Turnover number (TON):
TON can be calculated by the ratio between the yield of the product at the end of the

cycle, and the percentage of the mmol of catalyst divided from the number of the

cyclel?1,

TON = average yield,roquct

% mmol qeqryst/n cycle

Complete Environmental Factor (cEF)?4]

The general environmental factor for an entire API process is computed by the ratio
between the total mass of waste generated in the synthetic scheme and the mass of the
isolated product. The simple environmental factor (sEF) neglects the solvents and water,
and it is usually applied at the stage of initial research. This is the reason why, for an
industrial point of view, it is better to use the complete environmental factor (cEF), that
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includes all the components utilized for the entire synthesis including solvents and

water:

Y. mass of waste Y. mass of materials — mass of isolated product

EF = =
¢ mass of isolated product mass of isolated product

Process Mass Intensity (PMI)2411

The process mass intensity (PMI) is defined as the ratio between the total mass of

materials and the mass of the isolated product.

Y. mass of materials
PMI = - =cEF+1
mass of isolated product

2.3.4.4. Recovery of HEP, and Pd in the HCS cross-coupling with 2 mol%

At the given time, the reaction was cooled at rt, extracted with cyclohexane and the
HEP/water phase containing the catalyst was recycled.

After the final cycle, product 3 was again extracted with cyclohexane and the combined
organic extracts were distilled and the product could be recovered without further
purification. The reaction mixture, containing HEP/water, conjugated TMG acid and the
catalyst complex, was treated with sodium formate (0.15 mmol, 10.0 mg) for 1h at 60°C
to generate palladium black. At reaction completion, the mixture was filtered out with
the aid of charcoal (30 mg) and the palladium metal was recovered. The filtrate was

distilled under reduced pressure to recover HEP in 95% yield.

159



CHAPTER 2

Table 32. Example of PMI calculation on the optimized HCS reaction on 5 mmol scale

Single run Single run and final % of
Reagents
(9) recovery (g)° recovery
la 1.12 1.12 -
2a 1.07 1.07 -
Cs2CO3 3.58 3.58 -
Pd(ACN)2Cl2 0.005 0.0005 90
sSPhos 0.03 0.03 -
HEP 3.2 0.16 95
Water 12 0.12 -
Sodium formate - 0.01 -
Charcoal - 0.06 -
Cyclohexane® 9.3 0.46 95
3a¢ 1.7 1.7 -
PMI2 111 - -
PMI after
Pd/sSPhos and
HEP/water ) ) )
recycle
PMI after final
recovery of Pd, - 4.4 -
HEP, Cy

aPMI calculated after 5 cycles and recycle of Pd complex and HEP/water. "PMI calculated after 5 cycles and recycle of Pd
complex, HEP/water and final recovery of Pd metal, HEP and cyclohexane. <The organic phases obtained from the
different cycles were combined and distilled to recover 95% of cyclohexane. It is possible to distill the cyclohexane also
after each cycle. Product 3a obtained without need of purification.

2.3.4.5. Recovery of HEP and Pd in the SM cross-coupling with 0.05 mol%

At the given time, the reaction was cooled at rt, extracted with cyclohexane achieving
product 6a and 6k both with 95% yield with no need of purification. The reaction
mixture, containing HEP/water, conjugated base (K2COs or Cs2COs acid and the catalyst
complex, was treated with sodium formate (0.1 mmol, 10.0 mg) for 1h at 60°C in order
to generate palladium black. At reaction completion, the mixture was filtered out with
the aid of charcoal (60 mg) and the palladium metal was recovered. The filtrate was

distilled under reduced pressure to recover HEP in 95% yield.
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Table 33. Example of PMI calculation on the SM reaction of Scheme 8 with 10 mmol scale

Single run | Single run and final % of
Reagents
(9) recovery (g)° recovery
la 11 11 -
5a 12 12 -
Cs2C03 3.57 3.57 -
Pd(ACN)2Cl2 0.001 0.0001 90
sSPhos 0.007 0.007 -
HEP 6.8 0.34 95
Water 4 4 -
Sodium
formate ) 0.0t )
Charcoal - 0.06 -
Cyclohexane® 234 1.16 95
6ad 1.47 1.47 -
PMI? 27.2 - -
PMI after final
recovery of Pd, - 7.7 -
HEP, Cy

aPMI calculated considering all the reagents used without recovery. "PMI calculated after final recovery of Pd metal, HEP

and cyclohexane. <The organic phases obtained from the different cycles were combined and distilled to recover 95% of
cyclohexane. 4Product 6a obtained without need of purification.

Table 34. Example of PMI calculation on the SM reaction of Scheme 10 with 10 mmol scale

Reagents Single Single run and final % of recovery
run (g) recovery (mg)°®
1g 1.1 1.1 -
5e 1.56 1.56 -
Cs2C03 3.57 3.57 -
Pd(ACN).Cl2 0.001 0.0001 90
sSPhos 0.007 0.007 -
HEP 6.8 0.34 95
Water 4 4 _
Sodium formate - 0.01 -
Charcoal - 0.06 -
Cyclohexane® 234 1.16 95
6kd 2.24 2.24 -
PMI2 18.0 - -
PMI after final
recovery of Pd, - 53 -
HEP, Cy

2PMI calculated considering all the reagents used without recovery. "PMI calculated after final recovery of Pd metal, HEP

and cyclohexane. The organic phases obtained from the different cycles were combined and distilled to recover 95% of
cyclohexane. dProduct 6k obtained without need of purification.

161



CHAPTER 2

2.3.4.6. Base Screening in the SM coupling

Pd(ACN),Cl,, sSPhos
Base (1.1 equiv)
Ph—CI + Ph—B(OH), Ph— Ph
HEP/water (40%)
1a 5a 6a

To an oven-dried 10 mL Schlenk purged under N2 atmosphere, an aliquot of the stock
solution was added along with the amount of HEP/water (40%) solution needed to
achieve the desired concentration. The other reagents were then added in the following
order: base (1.1 mmol, 1.1 equiv), chlorobenzene (50.6 pL, 1.0 mmol, 1.0 equiv) and
phenyl boronic acid (1.05 or 1.2 equiv, see the following table). The reaction mixture was
heated at the desired temperature with an oil bath and maintained at this temperature
under stirring; the conversion was evaluated through HPLC-UV analysis at 210 nm
considering the appropriate RRF (see paragraph 2.3.4.9. for RRF calculation).

Table 35. Base screening in SM coupling (rows in grey have already been reported in Table 31).

Entry Cg\;‘)c ' (mnljgl%) R(-ez(l?iC))z Base (o-(l;) Time (h) C((;/:)V '
1 1.0 0.1 12 Cs,CO; 45 16 100
2 1.0 0.2 1.05 Cs,CO3 45 16 100
3 1.0 01 12 K.CO3 45 16 63
4 1.0 0.2 1.05 K.CO3 45 16 100
5 0.5 0.1 12 K,CO3 45 16 100
6 1.0 01 12 Na,CO3 45 16 51
7 1.0 0.2 1.05 Na,CO; 45 16 100
8 05 01 12 Na,COs 45 16 76
9 1.0 0.1 12 K3PO, 45 16 38
10 1.0 0.2 1.05 K3PO,4 45 16 100
11 0.5 01 12 K3POs4 45 16 67
12 1.0 0.05 1.05 Cs,CO3 60 8 100
13 1.0 0.05 1.05 K.COs 60 16 85
14 0.5 0.05 1.05 K2CO3 60 16 87
15 1.0 0.05 1.05 NaCOs 60 16 83
16 0.5 0.05 1.05 Na,COs 60 16 85
17 1.0 0.05 1.05 KsPO, 60 16 76
18 0.5 0.05 1.05 KsPO4 60 16 79
19 1.0 0.05 1.05 Cs,CO3 90 4 100
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20 1.0 0.05 1.05 K,CO3 90 4 100
21 1.0 0.05 1.05 Na,COs 90 4 88
22 1.0 0.05 1.05 KsPO, 90 4 84

2.3.4.7. PdCl(sSPhos):reduction

To an oven-dried 20 mL Schlenk purged under nitrogen atmosphere, the pre-catalyst
PdClI2(ACN):2 (3.37 mg, 0.013 mmol, 1.0 equiv), the ligand sSPhos (13.32 mg, 0.026 mmol,
2.0 equiv) and Cs2COs (21.18 mg, 0.065 mmol, 5.0 equiv) were dissolved in DMEF-d~ (0.4
mL) and HEP/H20 (ratio 7:3, 0.2 mL). The reaction was stirred at 60°C and after 10
minutes the 3P NMR spectrum was collected (A). Chlorobenzene (6.6 puL, 0.026 mmol, 5
equiv) was added and the reaction stirred at 60°C for 30 minutes (B). The chemical shift
of ArPd(sSPhos)Cl at 44.81 ppm and the shape of the signal is in line with the chemical
shift of ArPd(SPhos)Cl in toluene reported by Barder et al.??!l The disappearance of the
signals at 64.24 ppm and at 63.02 ppm confirmed that the reduction process occurred.

A) B)
Cs;C05 (5 eq) + Ar-Cl
PACI(ACN); + sSPhos (2eq) ———— » Pd%sSPhos) —
DMF/HEP/H,0 60°C. 30 min
60°C, 10 min
A)
g oos =
T3 2 @ L4
] (N
sSPhos
0O=s5Phos
Pd?(sSPhos)
|
7‘0 5‘5 6‘0 5‘5 5‘0 4'5 4‘D 3‘5 30 2‘5 2‘CI 1‘5 1'(] 5‘ (I) 7‘5 71‘0
f1 (ppm)
B 2.8 z g
) i i
0O=sSPhos
Pd—CI h
—a sSPhos
JJJ I L A A 1
7’0 6'5 6’0 5‘5 5‘0 4'5 4‘0 35 3'0 2'5 2‘0 1‘5 1‘0 g 6 - ‘5 - 1‘0
f1 (ppm)

Figure 116. 3P NMR spectra of the reduction of PdClz(sSPhos)2 in DMF-d7/HEP/H20 with Cs2COs 5 equiv at
60°C (A) and after the addition of Ar-Cl (5 equiv) (B).

As reference, the following spectra show the chemical shifts of the pre-catalyst
PdClz(sSPhos):, the ligand sSPhos and OsSPhos:
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Figure 117. 3'P NMR spectrum of sSPhos in DMF-dz/HEP/H:O.
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Figure 118.3'P NMR spectrum of OsSPhos in DMF-d7/HEP/H20. The spectrum shows an unknown peak

present also in the previous spectra
DMF/HEP/H,0

PACI(ACN), + sSPhos (2 eq) PACly(sSPhos),

5054
Pt
4697
—814

PdCl,{sSPhos),
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Figure 119.3P NMR spectrum of PdCl2(sSPhos)2 in DMF-d7/HEP/H20. PdCl2(ACN):2 (3.37 mg, 0.013 mmol,
1 equiv) and sSPhos (13.32 mg, 0.026 mmol, 2 equiv) were dissolved in DMF-d~ (0.4 mL) and HEP/H2O (ratio
7:3,0.2 mL).

164



CHAPTER 2

2.3.4.8. Compound characterisation

Yields of the HCS reactions reported considering the single run of the entries in Table 30
1,2-diphenylacetylene (3a)
Q _ O White solid (93% yield), extraction solvent: Cy
'H NMR (400 MHz, CDCls) 6 (ppm) 7.58 — 7.56 (m, 4H), 7.39 —7.36
(m, 6H).
13C NMR (100 MHz, CDCls) o (ppm) 131.27, 128.00, 127.91, 122.94, 89.04.
Anal. Caled. for CisHio: C, 94.33; H, 5.67; found: C, 94.62; H, 5.69.

1-nitro-4-(phenylethynyl)benzene (3b)
o Q _ O ﬁll;)};\; ;Olid (94% yield), extraction solvent: ‘BuOAc

(400 MHz, CDCls) d (ppm) 8.19 — 8.17 (m, 2H), 7.64 -
7.62 (m, 2H), 7.56 — 7.53 (m, 2H), 7.38 — 7.36 (m, 3H).
13C NMR (100 MHz, CDCls) d (ppm) 146.95, 132.27, 131.84, 130.22, 129.28, 128.57, 123.58,
122.10, 94.75, 87.59.
Anal. Calcd. for C1sHoNO:2: C, 75.33; H, 4.06; N, 6.27; found: C, 75.26; H, 4.06; N, 6.27.

1-nitro-3-(phenylethynyl)benzene (3c)

Q _ O Yellow solid (95% yield), extraction solvent: ‘BuOAc

. . 'H NMR (400 MHz, CDCls) d (ppm) 8.36 — 8.35 (m, 1H), 8.17 - 8,15
o (d, 1H,J=8.2Hz), 7.82-7.80 (d, 1H, ] =7.7 Hz), 7.53 - 7.49 (m, 3H),
7.40 - 7.38 (m, 3H).
13C NMR (100 MHz, CDCls) d (ppm) 148.11, 137.19, 131.77, 129.35, 129.06, 128.53, 126.28,

125.10, 122.84, 122.19, 91.92, 86.91.
Anal. Caled. for CisHoNO:2: C, 75.33; H, 4.06; N, 6.27; found: C, 75.14; H, 4.06; N, 6.26.

4-(phenylethynyl)benzonitrile (3d)
Ne O _ O ?{ellow solid (93% yield); extraction solvent: ‘BuOAc

H NMR (400 MHz, CDCl) & (ppm) 7.66—7.61 (m, 4H), 7.57 - 7.55
(m, 2H), 7.40 — 7.38 (m, 3H).
13C NMR (100 MHz, CDCls) d (ppm) 132.05, 132.02, 131.77, 129.10, 128.49, 128.23, 122.21,
118.50, 111.45, 93.76, 87.70.
Anal. Calcd. for CisHoN: C, 88.64; H, 4.46; N, 6.89; found C, 88.69; H, 4.38; N, 6.92.

1-methoxy-4-(phenylethynyl)benzene (3e)
oo Q _ O White solid (90% yield), extraction solvent: ‘BuOAc

'H NMR (400 MHz, CDCls) d (ppm) 7.55 — 7.49 (m, 4H), 7.37 -
7.33 (m, 3H), 6.91 - 6.89 (m, 2H), 3.84 (s, 3H).
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3C NMR (100 MHz, CDCls) d (ppm) 159.60, 133.02, 131.42, 128.28, 127.90, 123.58, 115.36,
113.98, 89.35, 88.05, 55.26.
Anal. Caled. for CisH120: C, 86.51; H, 5.81; found: C, 86.72; H, 5.81.

1-methyl-4-(phenylethynyl)benzene (3f)
White solid (91% yield), extraction solvent: Cy
Q = O "H NMR (400 MHz, CDCls) d (ppm) 7.57 — 7.54 (m, 2H), 7.47 -
7.45(d, ] =8.1 Hz, 2H), 7.38 - 7.34 (m, 3H), 7.19-7.17 (d, ] =7.9
Hz, 2H), 2.40 (s, 3H).
13C NMR (100 MHz, CDCls) d (ppm) 138.36, 131.53, 131.48, 129.09, 128.29, 128.04, 89.55,
88.71, 21.49.
Anal. Caled. for CisHiz: C, 93.79; H, 6.21; found: C, 93.57, H: 6.23.

2-methyl-4-phenylbut-3-yn-2-ol (3g)

o Yellow oil (90% yield); extraction solvent: ‘BuOAc and purification

C\/ o g o by flash chromatography (Cy/EtOAc = 95/5).

'H NMR (400 MHz, CDCls) d (ppm) 7.44 — 7.42 (m, 2H), 7.31 - 7.29 (m, 3H), 2.53 (s, OH),
1.64 (s, 6H).
3C NMR (100 MHz, CDCls) d (ppm) 131.23, 127.83, 127.81, 122.37, 93.50, 81.69, 65.17,
31.08.
Anal. Calced. for CuH120: C, 82.46; H, 7.55; found: C, 82.78; H, 7.54.

N,N-dimethyl-3-phenylprop-2-yn-1-amine (3h)

C o Colourless liquid (91% yield); extraction solvent: ‘BuOAc and

~ NMme, purification by flash chromatography (Cy/EtOAc = 95/5).
'H NMR (400 MHz, CDCls) o (ppm) 7.45 — 7.43 (m, 2H), 7.30 - 7.28

(m, 3H), 3.47 (s, 2H), 2.37 (s, 6H).
13C NMR (100 MHz, CDCls) d (ppm) 131.27, 127.82, 127.59, 122.80, 84.86, 84.13, 48.15,
43.81.
Anal. Caled. for CuHisN: C, 82.97; H, 8.23; N, 8.80; found: C, 82.99; H, 8.22; N, 8.77.

3-(4-nitrophenyl)prop-2-yn-1-ol (3i)

O,N ( ) — Yellow oil (90% yield); extraction solvent: BuOAc and
OH purification by flash chromatography (Cy/EtOAc = 95/5).

"H NMR (400 MHz, CDCls) d (ppm) 8.21 —8.18 (dd, J = 8.0, 4.0 Hz, 2H), 7.60 - 7.57 (dd, ]

=8.0, 4.0 Hz, 2H), 4.55 (s, 2H).

13C NMR (100 MHz, CDCls) d (ppm) 147.25, 132.39, 129.41, 123.57, 92.46, 83.81, 51.49.

Anal. Calced. for CoH7NOs: C, 61.02; H, 3.98; N, 7.91; O, 27.09; found: C, 61.11; H, 3.95; N,
7.87; O, 28.1.
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1-(hept-1-yn-1-yl)-4-nitrobenzene (3j)

OuN _ Yellow oil (90% yield); extraction solvent: Cy and

C . Purification by flash chromatography (Cy 100%).
"H NMR (400 MHz, CDCls) d (ppm) 8.16 —8.14 (dd,

J=8.0,4.0 Hz, 2H), 7.52 - 7.50 (dd, ] = 8.0, 4.0 Hz, 2H), 2.46 —2.43 (t, ] = 12.0 Hz, 2H), 1.66
—1.60 (m, 2H), 1.48 — 1.34 (m, 4H), 0.95-0.91 (t, ] =12.0 Hz, 3H).
13C NMR (100 MHz, CDCls) d (ppm) 146.53, 132.19, 131.20, 123.43, 96.79, 79.25, 31.08,
28.08, 22.16, 19.50, 13.93.

Anal. Calcd. for CisHisNO2: C, 71.87; H, 6.96; N, 6.45; O, 14.73; found: C, 71.93; H, 6.92;
N, 6.50; O, 14.69.

1-(2-(phenylethynyl)phenyl)ethan-1-one (3k)
Yellow oil (94% yield); extraction solvent: ‘BuOAc and purification
by flash chromatography (Cy/EtOAc = 95/5).
O = O "H NMR (400 MHz, CDCls) d (ppm) 7.77 = 7.75 (d, ] = 8.0 Hz, 1H),
7.64 —7.62 (d, ] =8.0 Hz, 1H), 7.56 — 7.55 (m, 2H), 7.49 - 7.47 (t, ] =
4.0 Hz, 1H), 7.42 - 7.37 (m, 4H), 2.80 (s, 3H).
BC NMR (100 MHz, CDCls) d (ppm) 200.35, 140.76, 133.91, 131.54, 131.34, 128.80, 128.73,
128.49, 128.31, 122.91, 121.71, 95.06, 88.53, 30.01.
Anal. Calcd. for CisH12O: C, 87.25; H, 5.49; O, 7.26; found C, 87.28; H, 5.52; O, 7.24

o]

1,2,3,4,5-pentafluoro-6-(phenylethynyl)benzene (31)

RN F White solid (92% yield); extraction solvent: Cy and purification by
F O = O flash chromatography (Cy 100%).
F F 'H NMR (400 MHz, CDCls) 6 (ppm) 7.59 — 7.57 (m, 2H), 7.42 - 7.38
(m, 3H).

13C NMR (100 MHz, CDCls) d (ppm) 147.1 (dm, Jrc= 250 Hz), 141.4 (dm, Jr.c= 250 Hz),
137.6 (dm, Jrc= 250 Hz), 131.90, 129.64, 128.52, 121.55, 101.55 (m), 100.31, 73.04 (m).
Anal. Calcd. for CusHsFs: C, 62.70; H, 1.88; F, 35.42; found C, 62.71; H, 1.31; F, 35.40

methyl 5-(phenylethynyl)thiophene-2-carboxylate (3m)

| N — Yellow solid (93% yield); Extraction solvent: ‘BuOAc;

s Purification by flash chromatography (Cy/EtOAc = 90/10)."H

0 NMR (400 MHz, CDCls) d (ppm) 7.70 (d, 1H, ] = 3.9 Hz), 7.55
-7.53 (m, 2H), 7.38 (m, 3H), 7.23 (d, 1H, ] = 3.9 Hz), 3.91 (s, 3H).
13C NMR (100 MHz, CDCls) d (ppm) 162.03, 133.79, 133.32, 132.14, 131.62, 130.05, 129.06,
128.49, 122.20, 95.62, 91.99, 52.34.
Anal. Calcd. for C1sH10O:2S: C, 69.40; H, 4.16; O, 13.21; S, 13.23; found: C, 68.87; H, 4.01;
O, 13.29; S, 13.40.

MeO
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7-chloro-4-(phenylethynyl)quinoline (3n)

White solid (90% yield); Extraction solvent: ‘BuOAc; Purification
by flash chromatography (Cy/EtOAc = 95/5).

"H NMR (400 MHz, CDCls) d (ppm) 8 8.90 (d, ] =4.5 Hz, 1H), 8.30
(d,J=8.9Hz, 1H), 8.13 (d, ] =2.1 Hz, 1H), 7.71 - 7.63 (m, 2H), 7.61
—7.54 (m, 2H), 7.44 (dd, ] =5.1, 1.9 Hz, 3H).

3C NMR (100 MHz, CDCls) 6 150.85, 148.50, 135.87, 132.00, 129.88, 129.58, 128.81, 128.65,
128.19, 127.43, 126.18, 123.64, 121.98, 99.20, 84.60.

Anal. Calcd. for CvHuwCIN: C, 77.42; H, 3.82; Cl, 13.44; N, 5.31; found: C, 77.54; H, 3.76;
Cl, 13.63; N, 5.22

2-(phenylethynyl)pyridine (30)
N Yellow oil (91% yield); Extraction solvent: tBuOAc; Purification by
<—N: T ( > flash chromatography (Cy/EtOAc = 95/5).
"H NMR (400 MHz, CDCls) d (ppm) 0 7.70 - 7.67 (m, 1H), 7.61 (m,
2H), 7.54 (d, ] =8.1 Hz, 1H), 7.38, (m, 3H), 7.26 — 7.23 (m, 1H).
13C NMR (100 MHz, CDCls) 6 150.09, 143.50, 136.17, 132.07, 128.99, 128.41, 127.18, 122.76,

122.29, 89.25, 88.62.
Anal. Calcd. for CisHoN: C, 87.12; H, 5.06; N, 7.82; found: C, 87.09; H, 5.09; N, 7.87.

2-methyl-4-(perfluorophenyl)but-3-yn-2-ol (3p)
Fo F Yellow solid (91% yield); Extraction solvent: BuOAg
F@%QOH Purification by flash chromatography (Cy/EtOAc = 80/20).
"H NMR (400 MHz, CDCls) d (ppm) d 1.65 (s, 6H).
13C NMR (151 MHz, CDCls) d 147.11 - 145.33 (dm, Jr-c= 168,0
Hz), 141.22 - 139.60 (dm, Jrc=173,0 Hz), 137.40 — 135.76 (dm, Jr-c= 164,0 Hz), 105.35,
98.61, 65.41, 64.78, 30.01.

Anal. Calcd. for CuH7FsO: C, 52.81; H, 2.82; F, 37.97; O, 6.40; found: C, 52.72; H, 2.98; F,
37.90; O, 6.54

F F

4-(3-aminophenyl)-2-methylbut-3-yn-2-ol (3q)
< > — < OH Pale yellow solid (52%); Extraction solvent: ‘BuOAc; Purification
N by flash chromatography (Cy/EtOAc = 90/10)

'H NMR (400 MHz, CDCls) & (ppm) 7.08 (t, ] = 7.8 Hz, 1H), 6.83
(d,J=7.6 Hz, 1H), 6.75 (s, 1H), 6.64 (d, ] = 8.0 Hz, 1H), 3.67 (s, NH>), 2.21 (s, OH), 1.61 (s,
6H).13C NMR (100 MHz, CDCls) o (ppm) 146.13, 129.15, 123.38, 122.03, 117.91, 115.28,

93.17, 82.26, 65.53, 31.47.
Anal. Calced for CuiH2NO: C, 75.40; H, 7.48; N, 7.99; found: C, 75.50; H, 7.43; N, 7.95;
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Yields of the SM reactions reported in Scheme 8

1,1'-biphenyl (6a)
White solid (95% yield); extraction solvent: Cy

'H NMR (400 MHz, CDCls) & (ppm) 7.69 — 7.66 (m, 4H), 7.54 — 7.49 (m,
4H), 7.44 — 7.40 (m, 2H).

13C NMR (100 MHz, CDCls) d (ppm) 141.28, 128.80, 127.29, 127.21.
Anal. Caled. for Ci2Hio: C, 93.46; H, 6.54; found: C, 93.37; H, 6.62.

4-methoxy-1,1'-biphenyl (6b-6e)
OME White solid (90 and 92% yield); extraction solvent: ‘BuOAc
'H NMR (400 MHz, CDCls) d (ppm) 7.58 — 7.52 (m, 4H), 7.45 - 7.41
(m, 2H), 7.33 - 7.29 (m, 1H), 7.00 - 6.98 (m, 2H), 3.87 (s, 3H).1*C NMR (100 MHz, CDCls)

O (ppm)159.11, 140.81, 133.76, 128.68, 128.12, 126.71, 126.62, 114.17, 55.32.
Anal. Calced. for C1sH120: C, 84.75; H, 6.57; O, 8.68; found: C, 84.77; H, 6.51; O, 8.70.

4-methyl-1,1'-biphenyl (6¢c-6f)
White solid (94 and 93% yield), extraction solvent: Cy'H NMR (400
MHz, CDCls) d (ppm) 7.68 — 7.66 (m, 2H), 7.60 — 7.58 (m, 2H), 7.53 —
7.49 (m, 2H), 7.43 — 7.39 (m, 1H), 7.35 - 7.33 (d, ] = 7.8 Hz, 2H).
13C NMR (100 MHz, CDCl3) d (ppm) 141.22, 138.44, 137.06, 129.57, 128.79, 127.04, 127.02,

21.14.
Anal. Calced. for CisHiz: C, 92.81; H, 7.19; found: C, 92.75; H, 7.23.

3,4,5-trifluoro-1,1'-biphenyl (6d)
F

White solid (92% yield); extraction solvent: Cy
F 'HNMR (400 MHz, CDCls) 6 (ppm) 7.53 - 7.42 (m, 5H), 7.22 - 7.18 (m,
¢ 2H).

13C NMR (100 MHz, CDClIs) & (ppm) 152.72 — 152.58 (dd, Jer=9.9, 4.2
Hz), 150.25 — 150.11 (dd, Jcr=10.1, 4.4 Hz), 140.63 — 140.32 (t, Jcr = 15.1 Hz), 138.17 —
137.43 (m), 137.45 — 137.25 (m), 129.06, 128.37, 126.81, 111.10 — 110.88 (dd, Jcr=16.1, 6.0
Hz).
Anal. Caled. for Ci2H7Fs: C, 69.23; H, 3.39; F, 27.38; found: C, 69.20; H, 3.45; F, 27.44.

2-nitro-1,1'-biphenyl (6g)
Q O Yellow oil (95% yield); extraction solvent: ‘BuOAc
"H NMR (400 MHz, CDCls) d (ppm) 7.89-7.87 (dd, ] = 8.0, 1.3 Hz, 1H),

NO, 7.65-7.61 (td, ] =7.6,1.3 Hz, 1H), 7.52 - 7.44 (m, 5H), 7.38 — 7.35 (m, 2H).
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3C NMR (100 MHz, CDCls) d (ppm) 149.32, 137.42, 136.32, 132.31, 131.97, 128.70, 128.24,
128.20, 127.91, 124.06.

Anal. Calcd. for C12HoNO2: C, 72.35; H, 4.55; N, 7.03; O, 16.06; found: C, 72.39; H, 4.52; N,
7.01; O, 16.09.

4-nitro-1,1'-biphenyl (6h)
Yellow solid (94% yield); extraction solvent: ‘BuOAc
02” 'H NMR (400 MHz, CDCLs) d (ppm) 8.32 — 8.30 (m, 2H), 7.76 —
7.74 (m, 2H), 7.65 (m, 2H), 7.54 — 7.46 (m, 3H).
13C NMR (100 MHz, CDCL) d (ppm) 147.61, 147.07, 138.75, 129.16, 128.89, 127.80, 127.36,
124.08.

Anal. Calcd. for Ci2Huws: C, 72.35; H, 4.55; N, 7.03; O, 16.06; found: C, 72.25; H, 4.61; N,
7.07; O, 15.9.

[1,1'-biphenyl]-2-carbaldehyde (6i)
Colorless oil (95% yield), extractions solvent: tBuOAc
O 'H NMR (400 MHz, CDCls) d (ppm) 9.88 (s, 1H), 7.94 - 7.92 (J=8.0 Hz, d,
O o  1H),7.54-7.52 (m, 1H), 7.40 - 7.33 (m, 5H), 7.28-7.27 (m, 2H).
\ BCNMR (100 MHz, CDCls) o (ppm) 192.42, 145.97, 137.77, 133.74, 133.57,
130.79, 130.12, 128.45, 128.14, 127.79, 127.58
Anal. Caled. for C1sH100, C, 85.69; H, 5.53; O, 8.78; found 85.70; H, 5.51; O, 8.76

2-phenylpyridine (6j)
Colourless oil (93% yield). Extraction solvent: ‘BuOAc.
C{© '"H NMR (400 MHz, CDCls) 6 (ppm) 0 8.71 (d, J=3.5Hz, 1H), 8.01 (d, ] =
| ~N 8.4 Hz, 2H), 7.75 (m, 2H), 7.50 — 7.42 (m, 3H), 7.23 (m, 1H).
3C NMR (100 MHz, CDCls) o 156.44, 148.63, 138.37, 135.70, 127.91,

127.71, 125.88, 121.05, 119.53.
Anal. Caled. for CuuHoN: C, 85.13; H, 5.85; N, 9.03; found: C, 85.16; H, 5.89; N, 9.01

4'-chloro-2-nitro-1,1'-biphenyl (6k)
Yellow solid (95% yield); extractions solvent: ‘BuOAc
CI 'H NMR (400 MHz, CDCls) d (ppm) 7.90 - 7.87 (dd, ] = 8.1, 1.3 Hz,
NO, 1H),7.65-7.61 (td, ] =7.6, 1.3 Hz, 1H), 7.53 - 7.49 (m, 1H), 7.43 - 7.39
(m, 3H), 7.27 - 7.25 (m, 2H).
13C NMR (100 MHz, CDCls) 6 (ppm) 149.03, 135.95, 135.15, 134.41, 132.55, 131.85, 129.30,
128.89, 128.61, 124.25.

Anal. Calcd. for C12HsCINO:: C, 61.69; H, 3.45; Cl, 15.17; N, 5.99; O, 13.69; found: C, 61.74;
H, 3.38, Cl, 15.13; N, 6.04; O, 13.74.
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3'4',5'-trifluoro-2-nitro-1,1'-biphenyl (61)

NO,

F
axas
F

Yellow solid (97% yield); extractions solvent: Cy

'"HNMR (400 MHz, CDCls) 6 (ppm) 7.96 -7.93 (dd, ] =8.1, 1.3 Hz, 1H),
7.69 -7.65 (td, ] =7.5,1.3 Hz, 1H), 7.60 — 7.55 (dt, ] = 7.8, 1.5 Hz, 1H),
7.41-7.39(dd,]=7.6,1.5 Hz, 1H), 6.97 - 6.94 (m, 2H).

13C NMR (100 MHz, CDCls) d (ppm) 152.41 — 152.27 (dd, JF = 10.3, 4.2 Hz), 149.92 — 149.77
(dd, JF = 10.1, 4.4 Hz), 148.68, 141.19 — 140.89 (t, J* = 15.1 Hz), 138.68 — 138.38 (t, JF = 15.1
Hz), 133.51 — 133.46 (m), 132.79, 131.63, 129.37, 124.49, 112.68 — 112.46 (dd, JF = 16.1, 6.0

Hz).

Anal. Calcd. for C12HeFsNO2: C, 56.93; H, 2.39; F, 22.51; N, 5.53; O, 12.64; found: C, 56.9§;
H, 2.35; F, 22.46; N, 5.61; O, 12.60.

Yields of the one-pot reactions reported in Scheme 10

2-methyl-4-(3-(phenylethynyl)phenyl)but-3-yn-2-ol (9)
OH )Yellow oil (92% yield); extractions solvent: ‘BuOAc

'H NMR (400 MHz, CDCls) d (ppm) 7.63 (s, 1H), 7.56 — 7.53 (m, 2H),
7.49 — 7.47 (m, 1H), 7.40 — 7.30 (m, 5H), 1.65 (s, 6H).

13C NMR (100 MHz, CDCls) o (ppm) 134.68, 131.62, 131.29, 128.47,
128,37, 123.53, 123.08, 122.98, 94.39, 89.94, 88.47, 81.35, 65.58, 31.43.
Anal. Caled. for C1vHi160: C, 87.66; H, 6.20; O, 6.15; found: C, 87.61;
H, 6.29; O, 6.14.

4-([1,1'-biphenyl]-3-yl)-2-methylbut-3-yn-2-ol (10)

4

OH

Yellow oil (96% yield); extractions solvent: ‘BuOAc

'H NMR (400 MHz, CDCls) d (ppm) 7.72 — 7.55 (m, 4H), 7.49 — 7.38
(m, 5H), 1.70 (s, 6H).

13C NMR (100 MHz, CDCls) d (ppm) 141.34, 140.32, 130.45, 128.89,
128.79, 127.66, 127.11, 123.30, 94.13, 82.21, 65.70, 31.57.

Anal. Calcd. for Ci7Hi1sO: C, 86.40; H, 6.82; O, 6.77; found: C, 86.44;
H, 6.74; O, 6.81.

2.3.4.9. Calculation of Relative Response Factor (RRF)
In HPLC with UV-DAD, the response of the detector is the absorbance of the compound
at a fixed wavelength. Exploiting the Lambert-Beer law, it is possible to evaluate the RRF.

A=1l-c-¢
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Where:

¢ is the molar attenuation coefficient or absorptivity (corresponding to the absorbance of
a 1M solution).

c is expressed in molarity (mol/L).

The response factor, in analytical chemistry, is defined as the ratio between the molar
concentration of a compound being analyzed and the response of the detector to that
compound. In this way, the calculation of RRF is described below:

Peak Area

Response Factor (RF) = Concentration [M]

Thus, considering two substances in which one is the product (B) and the second is the
reagent (A), the RRF is:

PeakArea, ,
RF, /ConcentrationA _ PeakArea, Concentrationg

RF =

RFg PeakAreaB/ ~ PeakAreag Concentration,
Concentrationg

Table 36. Calculation of RRF between chlorobenzene 1a and diphenylacetylene 3a at several concentrations

Concentration (M)  Chlorobenzene area (mAu)  Diphenylacetylene area (mMAu) RRF  Arrr

0,0025 2142.2 5633.3 2.63
0,0005 438.7 1126.4 257 2.59
0,00025 256.0 658.6 2.57
mAU o~
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Figure 120. HPLC-UV spectrum of equimolar mixture of chlorobenzene 1a and diphenylacetylene 3a at

0.0025 M concentration

Table 37. Calculation of RRF between chlorobenzene 1a and biphenyl 6a at several concentrations

Concentration (M) Chlorobenzene area (mAu) Biphenyl area (mAu) RRF  Arrr
0,0025 1923.8 4230.5 2.19
0,0005 496.3 1124.2 226 2.23
0,00025 351.0 790.1 2.25
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Figure S8: HPLC-UV spectrum of equimolar mixture of chlorobenzene 1a and biphenyl 6a at 0.0025 M
concentration

Table 38. Calculation of RRF between diphenylacetylene 3a and 1,4-diphenyl-1-buten-3-yne 4a

Concentration Diphenylacetylene area  1,4-diphenyl-1-buten-3-yne area

(M) (MAU) (MAU) RRF ARRF
0,0025 75423.4 59859.8 1.26
0,0005 17645.2 13573.2 1.30 124
0,00025 7982.4 6597.0 121 ’
0,000025 3426.5 2879.4 1.19
mAU = 2 )
600 4 &
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Figure 121. HPLC-UV spectrum of equimolar mixture of diphenylacetylene 3a and 1,4-diphenyl-1-buten-3-
yne 4 at 0.0005 M concentration.

2.3.4.10. Computational methods

DFT calculations were conducted at CINECA, through the Italian SuperComputing
Resource Allocation — ISCRA, using the Gaussian 16 software packagel?*?. Geometry
optimizations for all reported structures were performed with the dispersion corrected
B3LYP-D3 functional with a mixed basis set of LANL2DZ (for Pd, I, Br, Cl) and 6-31G(d)
(for other atoms).” Frequency calculations were performed on all optimized structures
to ensure that each local minimum lacked imaginary frequency and that each transition
state contained exactly one imaginary frequency. Solvation in DMF were introduced
through single point calculations at optimized gas-phase geometries for all the minima
and transition state using def2-TZVP for all atoms and the SMD implicit solvation
model.?® The reported Gibbs free energies were corrected considering the thermal

correction computed at 298.15 K.
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Computed free energy profile of 4-NO:-phenyl halides
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Figure 122. DFT calculations in DMF of the OA of 4-NO2-Phenyl halides and the first step of the
phenylacetylene insertion to give the enyne byproduct 4.
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CHAPTER

Bioactive Peptide Synthesis and Alternative Strategies

3.1. T3P? as alternative coupling reagent

3.1.1. Introduction
The selection of the appropriate coupling reagent is essential for the design of a

protocol that is green, safe and efficient, especially in large-scale chemical production. In
fact, the development of sustainable methods for amide bond formation has been
highlighted by the ACS Green Chemistry Institute Pharmaceutical Roundtable (GCIPR)
as one of the 10 key areas of green chemistry research?+!.

A wide range of activating reagents and additives are used in the formation of
amide bonds, as different peptides often require specific conditions for optimal synthesis
and there is no single preferred reagent. While various combinations of available
reagents have been extensively studied for their effectiveness under different conditions,
only a few can be considered as environmentally friendly approaches. Ongoing efforts
are aimed at establishing comprehensive guidelines for greener and more sustainable
practicesi?*4. However, these classification criteria have so far been based solely on the
thermal stability of the reagents, with an emphasis on process safety.

Propylphosphonic anhydride (T3P®), first introduced by Wissmann and Kleiner
in 19802%], has been recognised in the literature as an effective reagent for forming
peptide bonds in solution, ¥l as well as facilitating several other chemical
transformations. T3P® offers several practical advantages over other coupling reagents:
it is non-flammable, with low toxicity (LD50 in rats >2000 mg kg1)?4%2¥] and its by-
product, propylphosphonic acid, can be easily removed by water washing. In peptide
synthesis using T3P®, the cyclic structure of the reagent allows spontaneous reaction
with the nucleophilic carboxylate of the N-protected amino acid, followed by rapid
substitution by the amino group of a second amino acid residue (Figure 123). The
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exceptional reactivity of the acylphosphate intermediate with all nucleophiles, including
water, explains the frequent use of T3P® as a moisture scavenger?. However, this
property is also a significant limitation when the reagent is used in iterative processes

that require intermediate treatments with aqueous solutions.

TR o 9 09

H /P\ /P\ /P\
N OR oo oo
PG \)J\H/Kf( s H H H

R4 o}

1\“ ',/"

Figure 123. T3P® induced peptide bond formation mechanism.

Although T3P® has been mentioned several times in the past as a peptide
coupling reagent, its application has been limited to the formation of a single amide
bond®1. Albericio and co-workers/?? investigated the use of T3P® in SPPS and showed
that the use of T3P® as a coupling reagent in solid phase peptide synthesis did not give
the desired results, because under these conditions, T3P® only acted as an alternative to
carbodiimides, requiring large excesses of OxymaPure® and diisopropylethylamine
(DIPEA).

Although SPPS is currently the most widely used and reliable method, its use on
an industrial scale is limited by the significant amounts of reagents and solvents
required. For this reason, there has been a resurgence of interest in solution-phase
peptide synthesis, and in this context, our group reported the first example of an iterative
synthesis, without both isolation of intermediate oligomers and work-ups, in SolPPS
with Cbz as the N-protecting group, using T3P® and DIPEA as coupling agents/?l.
Therefore, due to the renewed interest in the homogeneous phase peptide synthesis, we
decided to explore the extension of our approach to both SolPPS and PA-LPPS using N-
Boc- and N-Fmoc-based protecting groups, respectively, to broaden the applicability of
T3P®in the liquid phase.

3.1.2. Results and Discussion
We focused our study on N-Boc and N-Fmoc protection in solution-phase peptide

synthesis, building on previous research from our group. Specifically, Mattellone et

al.?%%l demonstrated the use of T3P® and DIPEA (1.5 equiv /3 equiv) as coupling agents
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in SolPPS to combine N-Cbz protected amino acids with O'Bu protected amino esters
within five minutes at room temperature.

First, we investigated the effectiveness of different solvents in the coupling step,
and the need to consider the sensitivity of the reagent to water: aqueous work-up is
necessary to remove coupling by-products, but could affect the efficiency of the coupling
reagent introduced later in the synthesis, even in trace amounts. For the screening, we
chose the reaction between N-protected phenylalanine and leucine benzyl ester (Scheme
11) as our standard coupling, measuring the conversion to dipeptide 1a,b after ten
minutes. Reactions were carried out in a nitrogen atmosphere using dry solvents. As the
amino ester reactant was commercially available as a salified benzyl ester p-
toluenesulfonate salt, one equivalent of DIPEA was always added to activate the
nucleophilic amine moiety. The reaction was quenched after ten minutes by adding
water and the phosphate by-products were removed by organic solvent/water

extraction. The results obtained are reported in Table 39.

Scheme 11. Model reaction for T3P® induced peptide synthesis.

(6]
H
T3P®, DIPEA § B
PG. OH + OBh ———— > PG \:)J\N OBn
N H,oN solvent, 10 min : H g
H o]
(0]

pTsOH ©/

1a. PG = Boc
1b. PG = Fmoc
Table 39. Suitability of T3P® protocol in different solvents 2.
Entry PG Solvent Product (%) Conversion®

1 Boc DMF 1a 97
2 Fmoc DMF 1b >99
3 Boc DCM 1a >99
4 Fmoc DCM 1b >99
5 Boc Anisole 1a 98
6 Fmoc Anisole 1b >99
7 Boc CPME® 1a 82
8 Fmoc CPME 1b 99
9 Boc EtOAc 1a 97
10 Fmoc EtOAC 1b 99
11 Boc nPrOAc 1a 95
12 Fmoc nPrOAc 1b 99
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13 Boc ‘BuOAc °© 1a 85
14 Fmoc ‘BuOAc 1b >99
15 Boc DMC 1a 92
16 Fmoc DMC 1b >99
17 Boc THF 1a 96
18 Fmoc THF 1b >99
19 Boc ACN 1a 93
20 Fmoc ACN 1b >99
21 Boc NOP 1a 57
22 Fmoc NOP 1b >99

aThe reactions were performed with dry solvents under a nitrogen atmosphere. » Conversion calculated on the basis of
the HPLC peaks area, comparing the UV signal at 220 nm of H:N-Leu-OBn with the dipeptide without an RRF correction.
¢The presence of undissolved material was observed.

Our investigation began with the standard reaction in DMF as a benchmark to
compare the effectiveness of other organic solvents (entries 1 and 2, Table 39). We
observed that after 10 minutes, conversions greater than 95% were achieved with almost
all the solvents tested. Significantly lower conversions were only observed when using
N-Boc-phenylalanine in CPME, '‘BuOAc and NOP, which we attribute to solubility
problems likely to affect the reaction rate. This problem was alleviated by switching to
N-Fmoc-phenylalanine, which was fully soluble in these solvents and resulted in near
complete conversions (entries 8, 14 and 22, Table 39). In addition, T3P® is known to
minimise racemisation during peptide bond formation. To verify this, we evaluated the
extent of racemisation in the reaction between N-Boc-(L)-phenylglycine and leucine
methyl ester by checking for the presence of the (D)-phenylglycine dipeptide and we
found that the racemic product represented approximately 0.5% of the total.

In view of an iterative oligopeptide synthesis, it is crucial to eliminate any
residual moisture resulting from aqueous work-up, as water solubility in the reaction
medium is a critical factor. For this reason, we performed the coupling reactions in non-
anhydrous solvents, and we generally found significant decrease in yield, except when
DCM was used. DCM which resulted in yields > 95% in any condition because of the low
solubility of water in this solvent (below 0.24%).

The substrate scope was then extended, taking into account the requirements for
the design of oligomer syntheses. The reactivity of N-Boc amino acids was tested in the
reaction with leucine, with methyl ester chosen as the orthogonal protection in the final
dipeptide. Since removal of the N-protecting group requires treatment with
trifluoroacetic acid (TFA) followed by water washes to remove salts, we chose DCM as

the solvent of choice because of its low tendency to retain moisture, as mentioned above.
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The N-Fmoc protecting group is unsuitable for SolPPS, but it is commonly used
in PA-LPPS, where the nucleophilic amino acid is modified as a benzylic ester. Therefore,
we evaluated the reactivity of N-Fmoc protected amino acids in reactions with leucine

benzyl ester. The selected results are summarised in Table 40.

Table 40. Synthesis of N-Boc/N-Fmoc dipeptides under optimized conditions ?.

Entry N-PG-Amino Acid Amino Ester (%) Conversion®
1 N-Boc-Leu-OH H-Leu-OMe 98
2 N-Boc-Phe-OH H-Leu-OMe 98
3 N-Boc-Arg(Pbf)-OH H-Leu-OMe 99
4 N-Boc-Arg(Bn)-OH H-Leu-OMe 96
5 N-Boc-Ser-OH H-Leu-OMe >99
6 N-Boc-Thr-OH H-Leu-OMe 99
7 N-Boc-Trp-OH H-Leu-OMe 96
8 N-Boc-Aib-OH H-Leu-OBn >99
9 N-Fmoc-Leu-OH H-Leu-OBn >99
10 N-Fmoc-Trp-OH H-Leu-OBn >99
1 N-Fmoc-Arg(Pbf)-OH H-Leu-OBn >99
12 N-Fmoc-Asp(‘Bu)-OH H-Leu-OBn >99
13 N-Fmoc-Ser(‘Bu)-OH H-Leu-OBn >99
14 N-Fmoc-Thr('Bu)-OH H-Leu-OBn >99
15 N-Fmoc-Arg-OH H-Leu-OBn 98
16 N-Fmoc-Aib-OH H-Leu-OBn 99

aThe reactions were performed in DCM under a nitrogen atmosphere. » Conversion calculated on the basis of the HPLC
peaks area, comparing the UV signal at 220 nm of the N-Boc-and N-Fmoc-amino acid with the dipeptide without an RRF
correction

To verify that the exceptional speed of the T3P®-promoted coupling reaction was
maintained regardless of the activated amino acid, we evaluated the conversion with all
substrates after 10 min. Starting with the N-Boc/C-OMe protection strategy, we first
performed couplings with N-Boc-Leu and N-Boc-Phe, which gave excellent conversions
(see entries 1 and 2 in Table 40). We then explored amino acids with protected side chain
functionalities, such as N-Boc-Arg(Pbf)-OH and N-Boc-Asp(Bzl)-OH. These substrates
also gave satisfactory results, with almost complete conversion for the protected arginine
(99%) and very good conversion for the aspartic acid derivative (96%) (entries 3 and 4,
Table 40). Based on these promising results, the coupling reaction was tested on N-Boc

amino acids bearing free functional groups in their side chains. The optimised conditions
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proved effective for N-Boc-Ser-OH and N-Boc-Thr-OH, both of which have a free
hydroxyl group (entries 5 and 6, Table 40). In addition, the reaction between N-Boc-Trp-
OH and leucine methyl ester resulted in a 96% yield (entry 7, Table 40), suggesting that
the coupling process is kinetically faster than any possible side reactions involving side
chain functionalities. Complete conversion was also achieved in the reaction of N-Boc-
Aib-OH, an amino acid that typically presents challenges due to the steric hindrance of
its quaternary centre (entry 8, Table 40). Similarly, we tested a selection of N-Fmoc
protected amino acids in coupling reactions with H-Leu-OBn, with results comparable
to those obtained with N-Boc monomers. In this case, commercially available N-Fmoc-
Ser(‘Bu)-OH and N-Fmoc-Thr(‘Bu)-OH were used in the screening, always giving
excellent conversions (entries 13 and 14, Table 40). It is worth noting that N-Fmoc-Arg-
OH, bearing the free guanidine moiety as a salt with hydrochloric acid, allowed > 99%
conversion (entry 15, Table 40), thus opening the possibility of avoiding the problematic
protection of the side chain with Pbf. Conversely, the protocol was unsuitable for
coupling reactions involving N-Boc-Cys-OH, as it resulted in a mixture of the desired
dipeptide and oxidised cysteine derivatives.

Based on the previous information, the protocol was applied to the synthesis of
Leu-Enkephalin (H-Tyr-Gly-Gly-Phe-Leu-OH), a pentapeptide that is commonly
prepared to test the efficacy of a method in comparison to other synthetic techniques(?l.
The SolPPS was carried out with N-Boc protected monomers in DCM (Scheme 12). The
amount of T3P® was slightly increased (2/4 ratio T3P®/DIPEA) in order to use it both as
a scavenger for traces of water and as an activating reagent in the coupling. Under these
conditions, the purity of the final peptide was 95% (yield 62%), an excellent value
considering that the final protected peptide was isolated only by solvent evaporation

and not purified by chromatography.

Scheme 12. SolPPS of N-Boc-Leu-Enkephalin-OMe.
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Although T3P®-induced coupling conditions are fully compatible with N-Fmoc
amino acids, the iterative use of this protecting group in SolPPS is limited by the need to
remove the water-insoluble dibenzofulvene by-product before proceeding to the next
coupling step. To circumvent this problem, the T3P® coupling protocol has been applied
to Fmoc chemistry using the LPPS approach, where peptide isolation is performed by
precipitation to leave unwanted by-products in the mother liquors. As a proof of
concept, to evaluate our methodology, we applied the standard conditions to the
molecular hiving technology developed by Jitsubo and Bachem®®, selecting a 2,5-
polycarbon-substituted hydrophobic benzyl alcohol (HBA) as tagl?**l. The assembly of
the oligopeptide involved a series of coupling reactions between N-Fmoc amino acids,
and the growing peptide chain anchored to the chosen lipophilic tag. These reactions
were carried out under previously optimised conditions and alternated with removal of
the N-Fmoc protecting group using piperidine (Scheme 13). After each coupling step, the
product was isolated by adding acetonitrile as a precipitating agent, followed by
filtration of the anchored growing chain and additional washing with the same solvent.
Initially, the LPPS protocol was carried out in dichloromethane (DCM) using two
methods: (i) isolation of each intermediate peptide by precipitation after each coupling
step, and (ii) precipitation of the peptide only after the piperidine-mediated deprotection

step. Both methods achieved conversions greater than 99%.

Scheme 13. LPPS of Leu-Enkephalin using polycarbon tag.
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Moreover, since the LPPS method recovers the growing peptide chain by

filtration without any aqueous treatment, we considered replacing DCM with a more
environmentally friendly solvent such as anisole. When the peptide sequence was
synthesised using anisole, the final pentapeptide was obtained with a purity of 95.9%
when purification was performed after each step, and a purity of 91.4% when

precipitation was performed only after the deprotection step.
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3.1.3. Conclusion
In this investigation, the compatibility with N-Boc and N-Fmoc protecting groups

and the suitability of different solvents were established by extending the scope of
coupling to a small library of amino acids, including monomers with protection of the
side chain functionalities and monomers with free active moieties in the backbone. The
excellent results led to the application of this coupling reagent in the synthesis of a model
pentapeptide via iterative SolPPS and LPPS. In the first approach, DCM was the best
performing solvent and N-Boc-Leu-enkephalin methyl ester was isolated in excellent
yield and purity. Although DCM is not a green solvent, the ability to avoid solvent
evaporation at each step, while maintaining the original solution throughout the
iterative sequences, is a great advantage in reducing the solvent volume and thus
improving the sustainability of the process. On the other hand, the LPPS protocol
produced the free Leu-enkephalin with a degree of purity comparable or even higher
than those reported in the literature, both when the iterative peptide synthesis was
performed in DCM and when the more sustainable anisole was used. We have shown
that it is possible to carry out an iterative protocol, avoiding the isolation of
intermediates and saving solvents, ensuring a simple protocol without the need for
purification by chromatography. These aspects, together with the fast-coupling reactions
of 10 minutes, make our approach very attractive for application on an industrial scale,
where time and reagent savings and the availability of simple methods are required.
Finally, we have demonstrated that T3P® in combination with DIPEA is a useful
coupling reagent in SolPPS and LPPS and deserves to be reconsidered not only for single

amide bond formation but also for an iterative protocol.

Published work:
The full version can be found in “A. Mattellone, D. Corbisiero, P. Cantelmi, G. Martellj,
C. Palladino, A. Tolomelli, W. Cabri, Molecules 2023, 28, 7183”

3.1.4. Experimental Section

3.1.4.1. General Information and Analytical Methods

Unless otherwise stated, all materials, solvents, and reagents were obtained from
commercial suppliers and used without further purification. High-performance liquid
chromatography (HPLC) reagent-grade solvents were wused. Specifically, N-
fluorenylmethyloxycarbony (Fmoc), N-tert-butyloxycarbonyl (Boc) amino acids, and
diisopropylethylenamine (DIPEA) were supplied by Iris Biotech,Merck, or Fluorochem.
Ethyl Acetate (EtOAc), N,N-dimethylformamide (DMF), anisole, cyclopentylmethyl
ether (CPME), dimethyl carbonate (DMC), N-octyl pyrrolidone (NOP), acetonitrile
(ACN), tetrahydrofuran (THF), dichloromethane (DCM), propyl acetate (PrOAc),
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tertbutyl acetate (‘BuOAc), and HPLC-quality acetonitrile (ACN), hexane, and propan-
2-ol ((PrOH) were purchased from Merck. Trifluoroacetic acid (TFA), triisopropyl silane
(TIPS), and diisopropyl ether (DIPE)were supplied by Iris Biotech and Merck. All other
chemicals were purchased from Merck and Fluorochem. Solvents and coupling reagents
were individually injected into HPLC using the same analysis methods employed for
the evaluation of reactions progress to establish their retention time. T3P® (50 wt. % in
DCM) was supplied by Curia Global.

Thin-layer chromatography (TLC) was performed on precoated silica gel 60 F254 plates
(Merck, Darmstadt, Germany), and spot detection was carried out using UV light and/or
by charring with a ninhydrin solution or permanganate solution. HPLC-MS analyses
were performed on an Agilent 1260 Infinity II system coupled to an ESI mass
spectrometer (positive-ion mode, m/z = 100-3000 amu, fragmentor 30 V) with the
following parameters: column Phenomenex Luna C18 5 um, 250 x 4.6 mm; temperature:
35 °C; injection volume: 10 pL; UV: 220 nm; H20 + 0.08%TFA (mobile phase A) and ACN
+0.08%TFA (mobile phase B). ChemStation software (OpenLAB CDS ChemStation 35900
A/D driver, OpenLAB CDS ChemStation 490 Micro GC driver) was used for data
processing. Percentage areas of integrated peaks are reported in mAu. The racemization
analyses were performed using HPLC employing Daicel Chiralpack IC column. 'H-
NMR spectra were recorded with an INOVA 400 MHz instrument with a 5 mm probe
and Bruker Avance 600 MHz. ®*C-NMR spectra were recorded at 101 MHz with an
INOVA 400 MHz instrument and at 151 MHz with the Bruker Avance 600 MHz
instrument. All chemical shifts were quoted relative to deuterated solvent signals.
Chemical shifts (0) were referenced to the corresponding solvent peaks and are reported
in parts per million (ppm). Coupling constants (J) are given in Hertz. Multiplicities are

abbreviated as: s (singlet), d (doublet), t (triplet), q (quartet), m (multiplet).

3.1.4.2. General procedure of coupling step for the solvent screening and substrate
scope:

In an oven-dried Schlenk purged under a N2 atmosphere, N-Fmoc or N-Boc amino acid
(0.125 mmol, 1.0 equiv) and H2N-Leu-OMe or H2N-Leu-OBn (0.125 mmol, 1.0 equiv)
were dissolved in the desired solvent (1 mL, 0.125 M). DIPEA (0.5 mmol, 4 equiv) and
T3P® (92 pL, 50 wt. % in DCM; 0.188 mmol, 1.5 equiv) were then added at room
temperature following this order. The solution was stirred at room temperature for 10
min, and the conversion was monitored by sampling the crude mixture and analysing it
through HPLC-MS.

3.1.4.3. Full SolPPS of Leu-Enkephalin via Boc chemistry
An oven-dried, double-neck, round-bottomed flask equipped with a stirring bar was
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charged with N-Boc-Phe-OH (133 mg, 0.5 mmol, 1 equiv) and H-Leu-OMe
hydrochloride (91 mg, 0.5 mmol, 1 equiv) in DCM (0.125 M) under a N2 atmosphere.
Subsequently, DIPEA (353 pL, 2 mmol, 4 equiv) and T3P® (50 wt. % in DCM, 365 uL, 0.75
mmol, 1.5 equiv) were added following this order. The solution was stirred for 10 min,
and the organic phase was washed once with H20O, HCl(ag) (0.01 M) and NaHCO3(aq) (0.01
M). The organic layer was dried over anhydrous Na2504 and was directly used in the
next step, adding TFA (690 pL, 9 mmol, 18 equiv). The solution was stirred for 2.5 h and
then the organic solvent was washed twice with sat. NaHCOs3(q). The resulting solution
was dried over anhydrous Na250O4 and directly used in further steps following the
procedure mentioned above, increasing the equivalents of DIPEA and T3P®to 4 and 2
equiv, respectively. N-Boc-Tyr-Gly-Gly-Phe-Leu-OMe 7 was obtained as a white solid in
62% overall yield with 95% purity. Each step was monitored by HPLC-MS analysis.

3.1.4.4. General Procedure for the Synthesis of 2,5-Polycarbon Substituted
Hydrophobic Benzyl Alcohols (HBA) Tag
An oven-dried, double-neck, 50 mL round-bottomed flask equipped with a stirring bar,
2,5-dihydroxybenzaldehyde (0.5 g, 3.6 mmol, 1 equiv), and K2COs (3.9 g, 28.2 mmol, 7.8
equiv) was suspended in dry DMF (0.16 M), and the mixture was stirred at 110 °C.
Subsequently, 1-bromodocosane (4.2 g, 10.9 mmol, 3 equiv) was added dropwise, and
the mixture was stirred at the same temperature for 3 h, followed by dilution with water
(22 mL). The aqueous layer was extracted with toluene (30 mL x3). The organic layer was
dried over Na:SOs and concentrated in vacuo. The crude product was washed with
acetonitrile at 60 °C (50 mL x3) to obtain 2,5-di(dococyloxy)benzaldehyde in 82% yield
(2.1 g, 3 mmol).
'H NMR (400 MHz, CDCls) & (ppm): 10.47 (s, 1H), 7.31 (d, ] =3.2 Hz, 1H), 7.11 (dd, ] =
9.1, 3.2 Hz, 1H), 6.92 (d, ] =9.1 Hz, 1H), 4.02 (t, ] = 6.5 Hz, 2H), 3.94 (t, ] = 6.6 Hz, 2H),
1.85-1.72 (m, 4H), 1.50-1.19 (m, 76H), 0.88 (t, ] = 6.7 Hz, 6H).
3C NMR (101 MHz, CDCls) 6 (ppm): 189.91, 156.47, 153.18, 125.24, 124.27, 114.53, 110.97,
69.38, 68.84, 32.08, 29.86, 29.81, 29.75, 29.71, 29.54, 29.52, 29.38, 26.22, 26.15, 22.85, 22.14,
22.09, 14.27.

2,5-di(dococyloxy)benzaldehyde (2.1 g, 3 mmol, 1 equiv) was dissolved with THF (0.03
M) and 2-propanol (0.3 M), followed by the addition of NaBHa (0.2 g, 5.5 mmol, 2 equiv).
The resulting reaction mixture was stirred at room temperature for 60 min, followed by
dilution with brine (55 mL). The aqueous layer was extracted with THF (25 x 3 mL),
dried over Na:50s, and concentrated in vacuo. The crude product was washed with
MeOH (100 mL) to obtain (2,5-bis(docosyloxy)phenyl)methanol in 97% yield (2.2 g, 2.9

mmol).
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H NMR (400 MHz, CDCLs) d (ppm): 6.85 (s, 1H), 6.79-6.74 (m, 2H), 4.65 (s, 2H), 3.95 (t, ]
= 6.6 Hz, 2H), 3.90 (t, ] = 6.6 Hz, 2H), 1.76 (hept, ] = 7.4 Hz, 4H), 1.48-1.11 (m, 76H), 0.88
(t, ] = 6.5 Hz, 6H).

13C NMR (101 MHz, CDCLs) & 153.19, 151.11, 130.32, 115.57, 113.96, 112.27, 68.81, 68.74,
62.62, 32.09, 29.86, 29.82, 29.77, 29.57, 29.52, 26.33, 26.21, 22.85, 14.28.

3.1.4.5. Full LPPS of Leu-Enkephaline via Fmoc Chemistry

Loading of the First Amino Acid on the Tag: Synthesis of H2N-Leu-Tag

To a solution of (2,5-bis(docosyloxy)phenyl)methanol (500 mg, 0.66 mmol, 1 equiv) in
DCM (100 g/L), N-Fmoc-Leu-OH (582 mg, 1.7 mmol, 2.5 equiv), DIC (128 uL, 0.8 mmol,
1.25 equiv), and DMAP (8 mg, 0.07 mmol, 0.1 equiv) were added. The resulting reaction
mixture was stirred at room temperature for 1 h and was monitored using TLC
(Hex:EtOAC 9:1; Rf = 0.5), followed by dilution with ACN (10 mL). The resulting
precipitate was recovered by vacuum filtration and washed with ACN (5 mL x3) to
obtain the N-Fmoc-Leu-Tag in 94% yield (680 mg, 0.62 mmol).

'H NMR (400 MHz, CDCls) d (ppm): 7.83-7.64 (m, 6H), 7.60 (d, ] =7.4 Hz, 2H), 7.40 (t, ]
=7.4 Hz, 2H), 7.31 (t, ] = 7.5 Hz, 2H), 6.89 (s, 1H), 6.78 (s, 2H), 5.22 (d, ] = 34.5 Hz, 2H,
NH), 4.51-4.34 (m, 3H), 4.23 (t, ] =7.2 Hz, 1H), 3.94-3.82 (m, 4H), 1.81-1.66 (m, 6H), 1.43—
1.16 (m, 77H), 0.96-0.88 (m, 12H).

13C NMR (101 MHz, CDCls) d (ppm): 173.14, 156.06, 153.01, 151.15, 144.12, 143.89, 141.43,
127.79, 127.18, 125.26, 125.22, 124.88, 120.07, 120.06, 116.17, 115.05, 112.70, 69.01, 68.77,
67.11, 62.81, 52.79, 47.35, 42.09, 32.07, 29.85, 29.81, 29.77, 29.74, 29.58, 29.53, 29.51, 26.22,
26.20, 24.87, 23.00, 22.83, 22.05, 14.25.

N-Fmoc-Leu-Tag (680 mg, 0.62 mmol, 1 equiv) was solubilized with DCM or anisole (100
g/L), and piperidine (1 mL, 10.6 mmol, 16 equiv) was added. After 30 min, the reaction
was monitored by TLC (Hex:EtOAC 9:1; Rf = 0.2), and the solution was diluted with
ACN (10 mL). The resulting precipitates were recovered through vacuum filtration and
washed with ACN (5 mL x 3) to obtain the H:N-Leu-Tag in 99% yield (524 mg, 0.61
mmol).

'H NMR (600 MHz, CDCls) 6 (ppm): 6.88 (s, 1H), 6.81-6.74 (m, 2H), 5.17 (s, 2H), 3.92—
3.88 (m, 4H), 3.51 (dd, ] =5.8, 2.7 Hz, 1H), 1.82-1.72 (m, 6H), 1.62-1.58 (m, 2H), 1.47-1.41
(m, 6H), 1.35-1.25 (m, 69H), 0.94-0.87 (m, 12H).

3C NMR (151 MHz, CDCls) & (ppm): 176.78, 153.01, 151.23, 125.39, 116.29, 114.84, 112.76,
69.06, 68.83, 68.76, 62.27, 53.15, 44.20, 32.08, 29.86, 29.83, 29.81, 29.77, 29.75, 29.58, 29.56,
29.54, 29.52, 26.24, 26.22, 24.91, 23.15, 22.85, 22.04, 14.27.
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Elongation of the Peptide: Protocol with Precipitation after Each Step

H:N-Leu-tag was dissolved with DCM or anisole (100 g/L), and N-Fmoc-Phe-OH (1
equiv) was added, followed by the addition of DIPEA (4 equvi) and T3P® (50% in DCM;
1.5 equvi) in this order. After 5 min, the reaction was monitored through TLC
(Hex:EtOAC 8:2; Rf = 0.5), and the solution was diluted with ACN (10 mL). The resulting
precipitates were recovered through vacuum filtration and washed with ACN (5 mL x
3), enabling the N-Fmoc-Phe-Leu-Tag in 91-98% yield as a white solid.

H NMR (400 MHz, CDCls) d (ppm): 7.76 (d, ] =7.6 Hz, 2H), 7.56-7.53 (m, 2H), 7.40 (t, ]
=7.4 Hz, 2H), 7.31 (t, ] = 7.4 Hz, 2H), 7.27-7.17 (m, 5H), 6.86 (s, 1H), 6.82-6.76 (m, 2H),
6.11 (s, NH), 5.35 (s, NH), 5.17 (s, 2H), 4.63—4.58 (m, 1H), 4.46—4.41 (m, 2H), 4.33-4.29 (m,
1H), 4.19 (t, ] =6.9 Hz, 2H), 3.92-3.87 (m, 4H), 3.11 (s, 1H), 3.03 (s, 1H), 1.79-1.11 (m, 83H),
0.90-0.85 (m, 12H). 13C NMR (101 MHz CDCI3) _ (ppm): 172.31, 170.44, 153.00, 151.11,
143.91, 143.84, 141.43, 129.54, 128.83, 127.87, 127.22, 125.16, 124.79, 120.11, 116.23, 115.00,
112.66, 77.48, 77.16, 76.84, 69.00, 68.79, 67.21, 62.78, 47.26, 41.80, 32.08, 29.86, 29.81, 29.79,
29.76, 29.60, 29.52, 26.22, 24.84, 22.85, 22.21, 22.19, 22.17, 22.16, 22.14, 14.28.

N-Fmoc-Phe-Leu-Tag was solubilized in DCM or anisole (100 g/L), and piperidine (16
equiv) was added. The solution was stirred for 30 min (TLC: Hex:EtOAC 8:2; Rf = 0.2),
followed by dilution with ACN (10 mL). The resulting precipitates were recovered by
vacuum filtration and washed with ACN (10 mL x 3) to obtain the H-Phe-Leu-Tag in 98-
99% yield.

H NMR (600 MHz, CDCls)  (ppm): 7.70 (d, ] = 8.5 Hz, NH), 7.33-7.29 (m, 2H), 7.25-7.21
(m, 2H), 6.89-6.86 (m, 1H), 6.81-6.76 (m, 2H), 5.18 (dd, ] = 17.1, 12.4 Hz, 2H), 4.72-4.64
(m, 1H), 3.90 (q, ] = 6.6 Hz, 4H), 3.65 (dd, ] =9.2, 4.0 Hz, 1H), 3.25 (dd, ] =13.7, 4.0 Hz,
1H), 2.73 (dd, ] = 13.7, 9.2 Hz, 1H), 1.78-1.70 (m, 4H), 1.63-1.53 (m, 3H), 1.46-1.39 (m,
4H), 1.35-1.26 (m, 72H), 0.94-0.86 (m, 12H).

BCNMR (151 MHz, CDCI3) _ (ppm): 174.11, 172.98, 153.22, 153.04, 151.12, 151.08, 137.91,
129.48, 128.84, 126.98, 125.14, 116.03, 114.88, 112.70, 69.06, 68.82, 68.76, 62.62, 62.58, 56.51,
50.66, 41.76, 40.99, 32.08, 29.86, 29.81, 29.78, 29.76, 29.60, 29.56, 29.54, 29.51, 26.32, 26.23,
26.22,26.20, 24.99, 23.03, 22.84, 22.12, 14.27.

The above procedure was repeated until H:N-Tyr(tBu)-Gly-Gly-Phe-Leu-tag was

obtained.

Elongation of the Peptide: Protocol with One-Pot Coupling—Deprotection Steps

H:N-Leu-tag was dissolved with DCM or anisole (100 g/L), and N-Fmoc-Phe-OH (1
equiv) was added, followed by the addition of DIPEA (3 equiv) and T3P®(50% in DCM;
1.5 equiv) in this order. After 5 min, the reaction was completed, and piperidine (16
equiv) was added. The solution was stirred for 30 min followed by dilution with ACN
(10 mL). The resulting precipitates were recovered through vacuum filtration and
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washed with ACN (10 mL x 3) to obtain the N-Fmoc-Leu-Tag in 98-99% yield. The above
procedure was repeated until HaN-Tyr(tBu)-Gly-Gly-Phe-Leu-tag was obtained.
N-Fmoc-Gly-Gly-Phe-Leu-OTag (y = 89-94%): TLC Hex:EtOAc (1:1) Rf = 0.2.

'H NMR (600 MHz, CDCl3) & (ppm): 7.74 (d, J =7.6 Hz, 2H), 7.60-7.57 (m, 2H), 7.38 (t, ) =
7.5 Hz, 2H), 7.30-7.27 (m, 2H), 7.23-7.14 (m, 5H), 6.86 (s, 1H), 6.79-6.72 (m, 2H, NH), 5.63
(bs, NH), 5.15 (dd, J =25.7, 12.7 Hz, 2H), 4.80 (bs, NH), 4.61-4.58 (m, 1H), 4.47-4.39 (m,
2H), 4.21-4.19 (m, 1H), 3.98-3.73 (m, 8H), 3.10-3.01 (m, 2H), 1.80-1.48 (m, 10H), 1.43-1.25
(m, 73H), 0.92-0.82 (m, 12H).

13C NMR (151 MHz, CDCls) 6 (ppm): 172.49, 170.44, 169.53, 168.33, 156.84, 153.00, 151.12,
151.09, 143.88, 143.80, 141.47, 136.39, 129.49, 128.74, 128.71, 127.89, 127.23, 127.16, 125.17,
124.89, 120.14, 116.26, 115.59, 114.92, 114.03, 113.98, 112.67, 112.30, 69.02, 68.83, 68.76,
67.38, 62.72, 62.60, 54.45, 51.24, 47.26, 44.54, 43.22, 41.61, 38.63, 38.52, 32.08, 29.86, 29.81,
29.76, 29.61, 29.57, 29.54, 29.51, 26.32, 26.21, 26.20, 24.88, 22.84, 22.13, 14.27.

H:N-Gly-Gly-Phe-Leu-OTag (y= 92-94%): TLC Hexane:EtOAc (2:8) Rf =0.2.

H NMR (400 MHz, 20%MeOD in CDCls) 6 (ppm): 7.09-6.99 (m, 5H), 6.77-6.63 (m, 3H),
5.03-4.94 (m, 2H), 4.48-4.45 (m, 1H), 4.38-4.35 (m, 1H), 3.82-3.62 (m, 6H), 3.51 (s, 2H),
2.95-2.91 m, 1H), 2.74 (dd, ] = 13.6, 8.1 Hz, 1H), 1.69-1.38 (m, 10H), 1.36-1.04 (m, 83H),
0.75-0.65 (m, 12H).

13C NMR (151 MHz, 20%MeOD in CDCls) o (ppm): 172.30, 171.06, 168.82, 152.60, 150.77,
136.31, 129.00, 128.17, 126.57, 124.50, 115.99, 114.56, 112.37, 68.70, 68.52, 62.32, 60.38,
54.09, 50.77, 42.21, 40.77, 37.79, 31.67, 29.45, 29.36, 29.17, 29.11, 25.79, 24.47, 22.42, 22.37,
21.48,13.77.

N-Fmoc-Tyr-Gly-Gly-Phe-Leu-OTag (y = 75-80%): TLC Hexane:EtOAc (3:7) Rf = 0.5.
'H NMR (400 MHz, 20%MeOD in CDCls) 6 (ppm): 7.84 (s, NH), 7.58-7.52 (m, 2H, NH),
7.46 (s, NH), 7.39-7.31 (m, 2H, NH), 7.20 (t, ] = 7.4 Hz, 2H), 7.11 (t, ] = 7.5 Hz, 2H), 7.05-
6.98 (m, 5H), 6.92 (d, ] = 8.0 Hz, 2H), 6.71-6.68 (m, 3H), 6.60 (s, 2H), 6.52 (d, ] =7.2 Hz,
NH), 4.96 (q, ] =12.4 Hz, 2H), 4.47-4.35 (m, 2H), 4.19-4.13 (m, 3H), 3.96 (t, ] =7.0 Hz, 1H),
3.73-3.50 (m, 8H), 2.93 (dd, J = 14.1, 6.2 Hz, 2H), 2.79-2.71 (m, 2H), 1.59-1.36 (m, 8H),
1.25-1.07 (m, 84H), 0.71-0.66 (m, 12H).

3C NMR (151 MHz, 209%MeOD in CDCls) d (ppm): 172.76, 172.39,171.13, 169.95, 169.35,
156.76, 154.04, 152.76, 150.94, 143.64, 141.21, 136.43, 131.48, 129.64, 129.37, 129.20, 128.35,
127.68, 127.05, 126.75, 124.95, 124.72, 124.22, 119.87, 116.11, 114.77, 112.58, 78.67, 68.88,
68.70, 67.03, 62.46, 60.88, 56.57, 54.25, 50.99, 46.99, 42.77, 42.39, 40.90, 37.85, 37.09, 31.84,
29.61, 29.52, 29.35, 29.28, 28.59, 25.95, 24.60, 22.59, 22.54, 21.65, 13.94.
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H:N-Tyr-Gly-Gly-Phe-Leu-OTag (y = 90-96%): TLC Hexane:EtOAc (1:9) Rf =0.2.

H NMR (400 MHz, CDCls) 0 8.08 (s, NH), 7.37 (s, NH), 7.26-7.17 (m, 5H), 7.08 (d, ] = 8.3
Hz, 2H), 6.97-6.86 (m, 3H, 2NH), 6.77 (s, 2H), 5.16 (dd, ] =22.3, 12.8 Hz, 2H), 4.76 (q, ] =
7.0 Hz, 1H), 4.53 (s, 1H), 4.01-3.67 (m, 9H), 3.19-3.03 (m, 3H), 2.74-2.68 (m, 1H), 1.77-
1.52 (m, 8H), 1.41-1.16 (m, 84H), 0.89-0.86 (m, 12H).

13C NMR (151 MHz, CDCls) 0 172.49, 171.00, 169.69, 168.93, 154.51, 153.01, 151.05, 136.70,
129.83, 129.52, 128.65, 127.03, 124.92, 124.48, 116.21, 114.85, 112.66, 78.55, 69.01, 68.81,
62.67, 56.29, 54.66, 51.32, 44.43, 43.57, 43.08, 41.42, 38.42, 32.06, 29.84, 29.75, 29.60, 29.50,
28.97, 26.20, 26.18, 24.84, 22.87, 22.82, 14.25.

Peptide Cleavage from the Tag

In an oven-dried Schlenk tube, the fully protected peptide-tag was dissolved in a
cleavage cocktail (200 g/mL) composed of: 95.0% TFA, 2.5% H:0O, and 2.5% TIS. The
reaction mixture was stirred at room temperature for 2 h under a nitrogen atmosphere,
and then DIPE (Vorre = 8V1ra) was added dropwise, inducing the formation of a white
solid. After the complete addition of the solvent, the reaction mixture was cooled to 0 °C
and slowly stirred for 30 min. Subsequently, the white solid was recovered by filtration.

The purity of the target peptide was monitored through HPLC-MS analysis.

3.2. Synthesis of bioactive peptide products

3.2.1. Introduction
Antibiotics have fundamentally changed the global management of infectious

diseases since their discovery. They are recognised as one of the factors contributing to
the increase in life expectancy in the 20th century due to the decline in mortality from
infectious diseases®”l. However, widespread overuse and inappropriate use in both
human and veterinary medicine and animal husbandry, have contributed significantly
to the current global crisis of antibiotic resistance. This has led to an increase in resistant
pathogens such as Vancomycin-resistant Enterococcus (VRE) and Methicillin-resistant
Staphylococcus aureus (MRSA), exacerbated by the slow rate of new drug
development?8l. As a direct consequence of the current panorama, few drugs are
available in the pharmacopoeia, with the majority of antibiotics belonging to only a few
chemical families (e.g. penicillins, carbapenems, cephalosporins) with similar
mechanisms of action and spectra of activity. As a result, infectious diseases are a major
threat to global public health, and it is estimated that microorganism infections could
cause up to 10 million deaths worldwide by 2050. In recent years, the World Health
Organisation (WHO) and other non-governmental organisations have called for a
reversal of this situation and medicinal chemistry is challenged to identify valid

alternatives to antibiotics?!.
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In this context, antimicrobial peptides (AMPs) have attracted considerable
interest from the scientific community. AMPs are a class of small peptides that are
naturally abundant in various life forms, including mammals (a large proportion of
which are human host defence peptides), amphibians, microorganisms and insects. A
significant number of antimicrobial peptides have been identified for their efficacy
against various types of infection, including antibacterial, antifungal, antiviral and
anticancer activities. However, only a limited number of AMPs have received the FDA
approval for clinical use due to their exceptionally short half-lives. Indeed, they are
typically limited to intravenous use, topical treatments or, in special cases, oral
administration in the form of very small tablets or capsules!2%l,

AMPs are typically short chains of < 50 amino acids and the majority are cationic.
They kill bacteria by disrupting their membranes (Figure 124) and/or by translocating
across membranes into the cytoplasm to act on intracellular targets such as DNA, RNA
and protein synthesis®!l. However, despite the existence of over 2000 naturally
occurring or synthetically designed AMPs, their diverse lengths, sequences and three-
dimensional structures make it difficult to correlate structure with antimicrobial

activityl262l,

- Ve

( l’,v d ’ !
Conformation
chaV
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Carpet model .{Q¢ adsorption
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"detergent“-like Toroidal pore model

Figure 124. Antimicrobial peptide action mechanism through membrane targeting interactions (image taken
from the literaturel?s3l).

Electrostatic interactions between cationic AMPs and the negatively charged
bacterial surface are key factors in determining their ability to interact with the

membranel®. Bacteria are broadly classified into two groups, Gram-positive and Gram-
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negative, based on differences in their cell envelope structures. The cytoplasmic
membranes of both Gram-positive and Gram-negative bacteria are rich in negatively
charged  phospholipids, such as phosphatidylglycerol, cardiolipin and
phosphatidylserine, which attract positively charged AMPs (Figure 125). In addition, the
presence of teichoic acids in the cell wall of Gram-positive bacteria and
lipopolysaccharides (LPS) in the outer membrane of Gram-negative bacteria make them
more electronegatively charged?l. When AMPs come into contact with the cytoplasmic
membrane, they adopt an amphipathic secondary structure (if not already formed) to
facilitate the interaction. The charged regions interact with the hydrophilic head groups
of the phospholipids, while the hydrophobic domains bind to the core of the lipid
bilayer. AMPs have selective antibacterial activity because mammalian cell membranes
are neutral, consisting mainly of zwitterionic phospholipids, making them less attractive
to AMPs.

Polysaccharides
Protein ‘

Teichoicacid

e e e

________

Periplasmicspace
and peptidoglycan

1 [

»»»»»»»»»»»»»

———————————————

-
cytoplasmic | (GG G e e e e
membrane

Phospholipids
Gram negative cell envelope Gram positive cell envelope

Figure 125. Membranes of Gram-negative and Gram-positive bacteria (image taken from the literaturel2¢l),

Antibiotics may also have a detrimental effect on the gut microbiota, as their
overuse appears to contribute to the development of several associated disorders?¢7l.
Bacteria are the predominant components of the human gut microbiota, comprising over
1,000 species, the majority of which are anaerobic. The total population of these bacteria
is estimated to exceed 10 cells?l,

Most antibiotics on the market are broad-spectrum, affecting not only harmful
bacteria but also beneficial ones. Disruption of the gut microbiota is the primary, but not
the only consequence of antibiotic use in the gut. Other mechanisms include the direct
damaging effects of antibiotics on gastrointestinal (GI) epithelial cells and the
proliferation of antibiotic-resistant microorganisms. For example, clindamycin is a major
risk factor for the development of Clostridium difficile infection (CDI), which is probably
the most prominent clinical example of antibiotic-associated dysbiosis, particularly in

older people. In recent years, the prevalence of CDI has risen sharply, particularly in
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western countriesi?”], and it has become the leading cause of infectious diarrhoea in
hospitalised patients and a major economic and public health challengel?”. The use of {3-
lactam antibiotic combinations, such as ampicillin and cephalosporins, has been shown
to reduce the abundance of Firmicutes (mainly Lactobacilli), while promoting an increase
in Bacteroidetes and Proteobacteria (particularly Enterobacteriaceae, which are often
resistant to [-lactam antibiotics) and reduced microbial richness. Similarly,
fluoroquinolone antibiotics have variable effects on the gut microbiota. Ciprofloxacin
primarily targets Gram-negative facultative anaerobes, whereas levofloxacin also
reduces populations of Gram-positive anaerobes, including beneficial bifidobacteria?71,
However, some antibiotics can also have a beneficial effect on the gut microbiota,
providing a so-called 'eubiotic' effect by stimulating the growth of beneficial bacteria.
For example, rifaximin (marketed as Normix® by Alfasigma) is used to treat acute and
chronic intestinal infections caused by Gram-positive and Gram-negative bacteria,
diarrhoeal syndromes, and pre- and post-operative prophylaxis of infectious
complications in gastrointestinal surgery. Brilacidin is also being investigated for the
treatment of bowel diseases, and in 2019 Innovation Pharmaceuticals announced a
licensing agreement with Alfasigma S.p.A. for the development and commercialisation
of brilacidin in ulcerative proctitis and ulcerative proctosigmoiditis/?!l.

In this scenario, our goal was to develop an antimicrobial peptide capable of
selectively targeting pathogenic bacteria and preserving the bacterial flora.
The ideal AMP should have the following characteristics: (i) high antimicrobial activity;
(i) low toxicity to mammalian membranes; (iii) short sequence to ensure higher protease
stability!??l and low cost production??l. To develop a bioactive molecule capable of
discriminating pathogenic bacteria from bifidobacterial cells, we decided to modulate
the lipophilic-hydrophilic balance of a short and active AMP, to generate small library
of potential antimicrobial peptides with different activity and selectivity. As scaffold, we
selected LTX-109, developed by Lytix Biopharma L.t.d., which is a broad-spectrum, fast-
acting bactericidal antimicrobial which has completed phase II trials for the treatment of
impetigo in the year 2014 and uncomplicated skin and skin structure infection (uSSSI) in
the year 2011274, LTX-109 is a synthetic tripeptide consisting of two arginines (positions
1 and 3) and a 2,5,7-triterbutilated tryptophan (Tbt), with the -COOH terminus capped
by phenethylamine (Figure 126). Tryptophan (Trp), as a non-polar amino acid, is a
common amino acid in AMP due to its critical role in interacting with the lipid bilayer.
It has been shown that replacing Trp with Tbt increases antimicrobial activity?”l.
Arginine (Arg), which is protonated at physiological pH, is essential to ensure the net
positive charge of the peptide and to favour the binding between the AMP and the

bacterial cytoplasmic membranel?°l.
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NH,
LTX-109
Figure 126. LTX-109 structure

With the aim of generating a small library of novel tripeptides and investigating both
their antimicrobial activity and metabolic stability, we focused on the modification of
tryptophan residues at the C2 and C5 positions of the indole ring. We used palladium-
catalysed reactions: the Catellani reaction for modification at the C2 position and the
Sonogashira-Hagihara reaction for the C5 position. The Catellani reaction, discovered by
Catellani and co-workers in 19971?”7], is a palladium-catalysed carbon-hydrogen (C-H)
bond activation based on the Pd(II)-Pd(IV) catalytic cycle, where the directing group is
the norbornene (NBE) which acts as a co-catalyst. It is multi-component tandem reaction
involving an aryl halide, an electrophilic reagent and a terminating group (Figure 127a).
In 2011, Bach and co-workers/?#27 reported the Pd/NBE catalysed direct 2-alkylation
reaction of free N-H indoles and in 2013 they investigated the same reactivity on N-Boc
protected tryptophan ester?l (Figure 127b). Based on these studies, we selected the
Pd/NBE catalysed reaction as the method of choice for the tryptophan functionalisation.

a. General Catalytic Cycle for Pd/NBE Catalysis b. Direct 2-alkylation reaction of free N-H indoles
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Figure 127. a) General catalytic cycle for Pd/NBE catalysis. b) Direct 2-alkylation reaction of free N-H indoles.
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3.2.2. Results and Discussion

The tripeptides were modified at the tryptophan residue by the addition of long
and short alkyne chains and aromatic groups in order to modulate the lipophilic-
hydrophilic balance and study the effect on the selectivity against pathogenic and
beneficial bacteria.

To synthesise the tripeptides with modifications at C2 and at C5 positions, the
general procedures shown in Scheme 14 and Scheme 15, respectively, were followed.
The synthetic scheme consists of a convergent strategy: (i) synthesis of modified Trp
protected as ester; (i) SolPPS of dipeptide (5a-c and 12a-b) using T3P® and DIPEA as
protocol for the coupling step; (iii) SOIPPS of Fmoc-Arg(PBF)-OH and phenylethylamine
to give intermediate 16, after Fmoc removal; (iv) final coupling in SolPPS using T3P®/

DIPEA and removal of the final protecting groups to give the products 7a-c and 14a-b.

Scheme 14. General scheme for the synthesis of compounds with modification at C2 position of Trp (7a-c).
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Scheme 15. General scheme for the synthesis of compounds with modification at C5 position of Trp 14a-b.
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For the synthesis of compounds 2a-c, we took advantage of the studies of Bach
and co-workers?782%l. The Catellani reactions were carried out using PdCl2(ACN):2 (10
mol%) as pre-catalyst, norbornene and K2COs as base. The reactions were carried out in
DMF, with a water concentration of 0.5 M, at 60°C (2a and 2b) and 90°C for the most
difficult substrate (2c). Indeed, according to the literaturel?”®], the reaction is sensitive to
steric hindrance of the alkyl group for the reaction using an alkyl bromide with a
secondary carbon atom adjacent to the bromide methylene group and higher
temperatures are required (Table 41).

Table 41. Alkylation of Boc-NH-Trp-OEt with alkyl bromides.

PA(ACN),Cl, (10 mol%)

o) NBE (2 equiv) 9
WO/\ + alkyl-Br K,CO; (4 equiv) f o~
N e 0.2 M DMF (0.5M H,0) HN N

HN.
Boc alkyl Boc
T (°C), 24h
Entry product T (°C) Yield (%)
s
\
1 N 60 73
H Y0
2a
s
\
2 N 60 60
H
2 Ph
pa
\
3 N 90 56
H

To synthesise compounds 7a-b, we started with commercially available 5-
hydroxytryptophan. We first protected the amine group to avoid coordination to
palladium in the Sonogashira-Hagihara reaction and then we introduced the triflate
group, which acts as a leaving group (Scheme 16). We obtained a complete
transformation for the synthesis of both 9a-b.
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Scheme 16. Reaction scheme of functionalization in position C5.
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The biological tests were carried out in vitro by a group of biologists collaborating
with the research team. The antimicrobial activities of the synthesised compounds (7a-c
and 14a-b) against pathogenic and beneficial bacteria were compared with rifaximin,
brilacidin (see Paragraph 3.2.1) and LTX-109 (see Table 42). The best candidate
antimicrobial peptide, capable of acting selectively against Gram +/Gram - bacteria and
not altering Bifidum bacteria, should have a low minimum inhibitory concentration
(MIC) against the pathogen and a high MIC against the beneficial bacteria. Among the
tripeptides tested, 7a (entry 4, Table 42) shown the best behaviour with a MIC = 6.25
uL/mL against S. aureus (Gram +), MIC=12.5 pL/mL against P. aeruginosa (Gram -) and
MIC =500 uL/mL against beneficial bacteria. In contrast, 14b (entry 8, Table 42) was the
worst candidate for selectivity as it has high activity against the bifidobacteria tested.
Therefore, these results show that a long alkyl chain at the C2 position is beneficial to
increase selectivity, whereas a long alkyl chain at the C5 position makes the tripeptide
more active against beneficial bacteria.

Building on these results, we investigated the late-stage functionalisation of
tryptophan. Our aim was to create a larger library of tripeptides with tryptophan
modified at the C2 position to understand which type of functional group was best for

our target.
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Table 42. Biological data of 7a-c and 14a-b tested against pathogenic and beneficial bacteria?.

S. aureus (ATCC | P. aeruginosa (ATCC | Esterichia Coli su:s::‘og:;zm B. Bifidum B.breve BBR8 su:slparalzz:'sll(sliil l('::;dlj\:l’gllpu_s L?f:::':ﬂ"(:?:::"
25922) Gram + 27853) Gram - (ATCC 8739) (B 2356) (87313) |{(LMG P-17501) LMG P-17502) 21904) (CAB_B2)
MIC range IC50 MIC range IC50 mMIC MBC MIC MBC MIC MBC MIC MBC MIC MBC Mic MBC MiC MBC

entry| specie | oimt) | (ug/ml) | (uefmb) | (ug/mi) | (we/mi) (ug/m) |(ug/mL) (ug/mb) | ug/mL) |twgsmb)| tne/m |tug/mu)| (ug/mu) | (ug/m) | (ug/mt) (ugimy)| (ngsmL | (gt

1 |Rifaximin| <0.0015 5.25 3112

2 |Brilacidin| 156 0.9135 [1.56/3.125| 1.544

3 | LTX-109|1.56-3.125| 1.408 |3.125-6.25| 2.256 50 50 50 50 5 50 50 50 50 50 5 50 50 50
4 7a 6.25 2.094 12.5 10.46 50 50 500 500 500 500 500 500 500 500 500 500 500 500
5 7b 125 7.053 12.5 4.999 500 500 50 50 50 50 50 50 50 500 500 500 500 500
6 7c 25 14.97 25 12.69 500 5000 | 500 . 500 500 500 500 500 500 500 500 500 500 500
7 14a 6.25 3.345 12.5 6.600 500  >500 50 50 50 50 50 50 50 50 50 50 50 500
8 14b  |3.125-6.25| 1.036 25 19.15 500 500 50 50 25 2.5 5 5 50 500 50 50 50 50

2 Experiments were carried out following the EUCAST protocol. (IC50= Half-maximal inhibitory concentration), (MBC=
Minimum Bactericidal Concentration).
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Metal-mediated direct C-H bond functionalisation has emerged as a viable
alternative to classical cross-coupling methods, as they partially or completely eliminate,
the need for substrate pre-functionalisation, which can lead to unwanted byproduct
formation and lengthy synthetic operations. Particularly, tryptophan has received much
attention because of its higher reactivity due to the indole ring. In 2010, Lavilla and
Albericiol?$!l described the C2 arylation of tryptophan-containing peptides in aqueous
medium using Pd(OAc)z, AgBF4 to remove the iodide from the palladium AO-complex
and ortho-nitrobenzoic acid to promote the reaction?®? (Figure 128a). In 2014 Fairlamb
and co-workers reported the use of aryl boronic acid?®?! and in 2015 of hypervalent aryl
iodine reagents ([Ar2I]X)1?% as arylating agents. In the same period, Ackermann’s group
developed a metal-free strategy by using (Ar2)OTs (Figure 128b-c). More recently they
developed ruthenium (II)-catalysed C-H arylation using KsPOs as base and FsCsCO:H to
ensure an efficient carboxylate-assisted C-H activation®, by avoiding the use of highly

reactive hypervalent iodine reagents and costly silver salts (Figure 128d-e).
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a) Laviilla & Albericio 2010 d) Ackermann 2014
tid
| Pd(OAc), (5 mol%)
N\ . 2NO,-Bz, AgBF, O A
N - N O Y 4 Aol ————— N—ar
H phosphate buffer H R N DMF N
R 80°C, 10 min, MW H 100°C, 17h H
b) Fairlamb 2014 e) Ackermann 2015
AGHN Pd(OAc), (30 mol%) AcHN peptide ;
Cu(OAc), (60 mol%) LysLeuValGlyAIZ0| peptide
(LysLeuValGlyAlaORl) + PhB(OH), { ysteuvalolyAla [RuCl,(p-cymene)l; (5 mol%)
N ACOH, air Ph Q F5CoCOH (30 mol%)
N 16h, 40°C N + ArBr > \
H H N K4PO,, m-xylene Ar
120°C, 20h N
c) Fairlamb 2015
| pep{rde FHN \ pept/de
Sp Pd(OAc (10 mol%) /S/OH
/gI/OH /©i N—ph
'PrOH, air N
16h, 25°C H

Figure 128. Key examples of C-H functionalisation of tryptophan-containing peptides.

However, late-stage modification of tryptophan-containing peptides still remains
challenging. In this context, our aim was twofold: (i) to explore for the first time the
Pd/NBE catalysed C-H activation on peptides bearing Trp, (ii) to rapidly expand our
library of Ha2N-Arg-Trp-Arg-NH(CH2)2Ph modified at the C2 position.

To pursue our goal, we started our study by functionalising Boc-NH-Trp-Leu-
O'Bu in order to have a simple and non-sterically hindered dipeptide as a starting point.
First, we carried out the Pd/NBE catalysed reaction on the dipeptide under the same
conditions described above and we obtained lower conversions (Scheme 17). We
rationalised this result with the coordination of the dipeptide with the metal, as the
peptide amide bond is an excellent N-ligand for palladium2¥l. In this regard, we
investigated the best strategy to avoid the dipeptide acting as a ligand instead of a

reagent.

Scheme 17. Comparison between the C-H functionalisation of protected Trp (1a into 2a) and of Boc-Nh-Trp-
Leu-O'Bu (1d into 2d).

o)
o I OEt
HN HN.
j Ot Pd(ACN),Cl, (10%) Boc
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HN. X 10
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1a DIF (0.5M H,0) 2a (HPLC conv=73%)
60°C, 24h
(0] OtBu
N
HsC o Y
o O, OtBu 30 Br :
S N
BN I h
HN.
HN—  HN.g Qo
CHj
1d 2d (HPLC conv=10%)

We started our study by carrying out the reaction under the same conditions as
for the functionalisation of Trp alone (1a into 2a, Scheme 17) in presence of 1 equivalent
of PPhs, with the aim of displacing the peptide from the coordination to palladium by
the addition of a phosphine ligand (entry 1, Table 43). As we did not observe any change
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compared to the reaction without ligands, the amount of catalyst was doubled in order

to promote the reaction, but without any significant improvement (entry 2, Table 43).

Table 43. Conditions screening for C-H reaction Pd/NBE catalysed on Trp-containing dipeptides.

o O OtBu K:g(O:LZktltiier?v) o Ox-OtBu
HN—  HN. 60°C, 24h HN “Boc
(O
1d s e
Entry (mnI:gI%) R-X Ligand (equiv) Solvent Cong{)/(s)rfion
1 10% Br PPhs (1) DMF/H,0 (10:1) 6%
2 20% Br PPhs (1) DMF/H,0 (10:1) 20%
3 20% Br PPhs (1) ACN/H,0 (10:1) 0%
4 20% [ PPhs (1) DMF/H,0 (10:1) 20%
5 20% Br PPh; (2) DMF/H,0 (10:1) 51%
6 20% Br TFP (2) DMF/H,0 (10:1) 44%
7 20% Br SPhos (2) DMF/H,0 (10:1) 26%
8 20% Br dppp (1) DMF/H,0 (10:1) 5%
9 10% Br phen DMF/H,0 (10:1) 3%
10 10% Br bipyr DMF/H,0 (10:1) 13%

2 Conversions have been calculated by using HPLC-MS.

Building on the results reported by Lautens and co-workers/?$2%], we repeated
the same experiment in ACN instead of DMF, but unfortunately the reaction did not
occur (entry 3, Table 43). We further demonstrated that the aryl iodide did not improve
the reaction (entry 4, Table 43). Taking advantage of our study regarding the mechanistic
investigation of PdCl2reduction mechanism in DMF with PPhs, K2COs as base at 60°C
(Paragraph 2.2.2., Table 8) we increased the ligands equivalents. Knowing that the PPhs
can be partially oxidised to produce Pd’, we performed the reaction in the presence of 2
equivalents of PPhs, obtaining a conversion to 2d of 51% (entry 5, Table 43). With the aim
of increasing the conversion, we evaluated the effect of various phosphines such as tri(2-
furyl)phosphine (TFP), SPhos and dppp (entries 6-8, Table 43), but without any success.
N-ligands, namely 1,10-phenantroline (phen) and 4,4’-bis(di-t-butyl)-2,2’-bipyridina
(bipyr), were also investigated, but unfortunately did not help to improve the results
(entries 9-10, Table 43).

This study did not provide us with a successful condition for the late-stage modification
of Trp. Probably, the intermediate that precedes the OA step (Pd"-Pd", see Figure 127b)
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is too sterically hindered, due to the presence of both NBE and dipeptide, and the ligands
struggle to coordinate with palladium. Further studies are required to investigate the

mechanism in detail.

3.2.3. Conclusion and Future Prospective
The development of pharmaceutical products capable of selectively targeting

pathogenic bacteria in intestinal diseases is of great interest. In this study, we have
demonstrated the synthesis of a small library of potentially antimicrobial peptides. Our
aim was to functionalise the tryptophan contained in a tripeptide with the same scaffold
as LTX-109, and to understand which combination of group (alkyl or aryl) and position
(C2 or C5) was the most effective in achieving both a low MIC against Gram +/ Gram -
bacteria and a high MIC against Bifidobateria. We found that HaN-Arg-Trp(2-CizHzs)-Arg-
NH(CH2)2Ph was the best candidate. On the basis of this result, we wanted to expand
the library more rapidly by carrying out the late-stage functionalisation directly on the
Trp-containing tripeptide with the Catellani reaction on the indole ring. Unfortunately,
our attempts failed, probably due to the strong tripeptide-palladium coordination and
the sterically hindered intermediates involved in the Pd catalytic cycle.

This project requires further investigation in order to: (i) use molecular modelling
to understand why alkylation at the C2 position rather than the C5 position was
beneficial; (ii) synthesise the tripeptide with Trp functionalised at both C2 and C5
positions to see if there is a positive or negative effect; (iii) carry out modifications at
other positions of the indole ring; (iv) explore different approaches to carry out the late-
stage modification of tryptophan-containing peptides.
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3.2.4. Experimental Section

3.2.4.1. General Information

All chemicals were purchased from commercial suppliers and were used without further
purification. In particular, amino acids were supplied by Iris Biotech, Merck or
Fluorochem. T3P® (50 wt. % in DCM) was supplied by Curia Global.
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Thin-layer chromatography (TLC) was performed on precoated silica gel 60 F254 plates
(Merck, Darmstadt, Germany), and spot detection was carried out using UV light and/or
by charring with a ninhydrin solution or permanganate solution. Analytical HPLC was
performed on an Agilent 1260 Infinity II system, coupled to an electrospray ionization
mass spectrometer and using H20 + 0,08% TFA (mobile phase A) and CAN + 0,08% TFA
(mobile phase B) as solvent at 25 °C (positive — ion mode). Agilent Zorbax — SB — C18 5
pum, 250 x 4,6 mm was used. The injection volume was 10 uL and the flow was 1,0 ml/min
or 0,5 ml/min. ChemStation software was used for data processing. ChemStation
software (OpenLAB CDS ChemStation 35900 A/D driver, OpenLAB CDS ChemStation
490 Micro GC driver) was used for data processing. Percentage areas of integrated peaks
are reported in mAu. 'H-NMR spectra were recorded with an INOVA 400 MHz
instrument with a 5 mm probe and Bruker Avance 600 MHz. BC-NMR spectra were
recorded at 101 MHz with an INOVA 400 MHz instrument and at 151 MHz with the
Bruker Avance 600 MHz instrument. All chemical shifts were quoted relative to
deuterated solvent signals. Chemical shifts (0) were referenced to the corresponding
solvent peaks and are reported in parts per million (ppm). Coupling constants (]) are
given in Hertz. Multiplicities are abbreviated as: s (singlet), d (doublet), t (triplet), q
(quartet), m (multiplet).

3.2.4.2. Synthesis of Boc-NH-Trp-OEt (1)

a)
0 SOCl, 0
EtOH
QE/\‘/H\OH " 6h> QE/Y“\O/\
retiux,
HN NH, HN NH,

HCI

In a round-bottom flask NHz-Trp-OH (2.5 g, 12.5 mmol, 1 equiv) was dissolved in EtOH
(63 mL). Thionyl chloride (3.63 mL, 50 mmol, 4 equiv) was added dropwise at 0°C and,
after the addition, the reaction was allowed to stir under reflux. After 6 hours, the ethanol
was removed under reduced pressure and the crude was extracted with acid washes
(HC1 0.5 M x 3) and basic washes (NaHCOs x 3). The organic phase was dried Na25Os

concentrated under reduced pressure.
H NMR (600 MHz, CDCls): d(ppm) = 8.15 (s, 1H), 7.57 (d, ] =8 Hz, 1H), 7.35 (d, ] = 8 Hz,

1H), 7.19 (dt, 1H), 7.11 (dt, 1H), 7.00 (s, 1H), 5,085 (d, ] = 4 Hz, 1H), 4.63 (d, ] = 8 Hz, 1H),
4.13 (m, 2H), 3.29 (m, 2H), 1.43 — 1.33 (m, 9H), 1.12 (t, ] = 8 Hz/ 4 Hz, 3H)
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b)

o Boc,0 o
I O/\ DMC, TEA I O/\
HN NH, tt, 12h HN .

HN
HCl Boc

In a two-neck round-bottom flask, HCI-NH2-Trp-OEt (2.9 g, 12.5 mmol, 1 equiv) was
dissolved in dry DCM (22 mL) under inert atmosphere and triethylamine (5.2 mL, 37.5
mmol, 3 equiv) was added. The solution was allowed to sti until the solid was completely
dissolved and then, the solution was cooled at 0°C. After solubilisation of di-tert-butyl
dicarbonate (Boc20, 2.7 g, 12.5 mmol, 1 equiv) in DCM dry (22 mL), the solution was
added dropwise in DCM dry. The solution was stirred at room temperature overnight.
The reaction was quenched with water and the solvent was removed under vacuum. The
crude was washed three times with ethyl acetate, dried with Na2SOs and concentrated

under reduced pressure.

1H NMR (600 MHz, CDCls): 8(ppm) = 8.22 (s, 1H), 7.57 (d, ] = 8 Hz, 1H), 7.35 (d, ] = 8 Hz,
1H), 7.18 (t, 1H), 7.11 (t, 1H), 6.9 (s, 1H), 5.09 (d, ] = 8 Hz, 1H), 4.62 (q, ] = 8 Hz, 1H), 4.11
(q,] = 8 Hz, 1H), 3.29(s, 2H), 1.43 (s, 9H), 1.19(t, ]-8Hz, 3H)

3.2.4.3. Synthesis procedure for 3a-c
PA(ACN),Cl, (10 mmol%) TFPATIPSH,0

0 K,COj3 (4 equiv),
NBE (2 equiv) (95:2.5:2.5)
] 0™ +RBr
aN— HN. DMF (H,0 0.5M) ~ooom NHzTFA

Boc 60-90°C, 24 h 0°C-25°C

1

Catellani reaction

In a round-bottom flask Boc-Trp-OEt 1 (800 mg, 2.4 mmol, 1 equiv), norbornene (452 mg,
4.8 mmol, 2 equiv), K2CO:s (1,33 g, 9,6 mmol, 4 equiv) were dissolved in DMF (12 mL)
with H2O (120 pL). Then, alkyl-bromide (4 equiv) was added and finally Pd(ACN)Cl2
(63 mg, 0,24 mmol, 0.01 equiv) was added. The reaction was stirred at 60°C or 90°C for
24 hours. The mixture was diluted with diethyl ether and washed with water. The
organic phase was dried with Na2SOs and concentrated under reduced pressure. The

crude was purified by flash chromatography.

o Purification by flash chromatography (Cy:EtOAc, 9:1). Isolated

— ) | o~ vyield =73%.
HN-— HN.g o 'H NMR (400 MHz, MeOD) §(ppm) =7.43 (d, ] =8 Hz, 1H), 7.25 (d,
J "0 J=8 Hz, 2H) 7.02 (t, ]=4 Hz, 1H), 6.96 (t, ]=4 Hz, 1H) 4.37 (t, ] =8 Hz,
2a 1H), 4.02 (m, 1H), 2.73 (t, ] = 8 Hz, 2H), 1.71 (m, 2H), 1.41 (s, 9H),
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1.44 (s, 9H), 1.34 - 1.27 (m, ] = 8 Hz, 14H), 1.37 — 1.20 (m, 12H), 1.05 (t, ] = 4 Hz, 3H), 0.91
(t, ] = 4 Hz, 3H)

y o
i’\ \ o~ Purification by flash chromatography (Cy:EtOAc, 9:1). Isolated
HN ! AN yield = 60%.
k "H NMR (400 MHz, CDCis) §(ppm) = 8.06 (s, 1H), 7.49 (d, ] =8 Hz,
Ph 1H), 7.32 - 7.05 (m, 9H), 5.09 (d, ] = 8 Hz, 1H), 4.57 (m, 1H), 4.16 -
2b 4.10 (m, 2H), 3.21 (d, J =4 Hz, 2H), 2.75 (t, ] =8 Hz, 2H), 2.70 (t, ] =

8 Hz, 2H), 1.99 (m, 2H), 1.42 (s, 9H), 1.12 (t, ] = 8 Hz, 3H).

Purification by flash chromatography (Cy:EtOAc, 85:15).

T Isolated yield = 56%.
] 0" Il NMR (400 MHz, CDCL3): &(ppm) = 8.16 (s, 1H) 7.50 (d, J =
HN= AN o 8Hz, 1H), 7.26 (d, ] = 8Hz, 1H), 7.13 - 7.05 (t, ] = 8Hz, 1H), 5.11
(d, ] = 8Hz, 1H), 4.61 (q, ] = 8Hz, 1H), 4.10 (m, 2H), 3.24 (d, ] =
2c 4Hz, 2H), 2.58 (d, ] = 8Hz, 2H), 1.97 (m, 1H), 1.43 (s, 9H), 1.15 (t,

] = 4Hz, 3H), 0.95 (d, ] = 8Hz, 6H)

Boc removal

In a round-bottom flask, Boc-NH-Trp(2-alkyl)-OEt (1 equiv) was dissolved in DCM (0.2
M), and a solution of 2.5 equiv of triisopropyl silane (TIPS) and water 5% v/v in DCM
was added. The mixture was then cooled down at 0°C and TFA (18 equiv) was added
dropwise and after 1 hour the reaction was allowed to warm up at room temperature.
After the completion of the reaction, monitored by TLC, the solvent was evaporated
under reduced pressure and the crude material was used in the following step without

further purification to obtain 3a-c in quantitative yields.

3.2.4.4. Synthetic procedure for 10a-b
a) Synthesis of 8

He HO .. TfO
Tf,0 (1.5
o 1. SOCl, (4 equiv) 0 20 (1.5 equiv) o
EtOH, reflux, 4h Py (1:2 equiv)
I OH —— > -~ o I O/\ , O/\
NH 2. TEA (3 equiv) HN DCM, 0°C HN
HN 2 N R
Boc,0 (1 equiv) HN Boc HN Boc
DCM, rt, 18 h
HoN-Trp(5-OH)-OH Boc-HN-Trp(5-OH)-OEt 8

Boc-NH:-Trp(5-OH)-OEt was synthesized following the same procedure described in
the Paragraph 3.2.4.2.
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To an oven-dried two-neck round-bottom flask purged under nitrogen atmosphere, Boc-
NH-Trp(5-OH)-Oet (750 mg, 2.15 mmol, 1 equiv) was suspended in dry DCM (5.6 mL).
Pyridine (344,6 pL, 4,3 mmol, 2 equiv) was added and the mixture was cooled at 0°C.
After solubilisation of trifluoromethane sulphonic anhydride (Tf.O, 470,2 pL, 2,8 mmol,
1.3 equiv) in DCM (5.6 mL), it was added dropwise, and the reaction was stirred at room
temperature for 5 hours. Then, the reaction was quenched with HCI 1M and basic washes
were carried out (NaHCOs 0.5 M x 3). The solution was dried with Na.SOs and
concentrated under reduced pressure to obtain as an orange solid (y=95%).

Compound 8: 'TH NMR (400 MHz, MeOD): d(ppm) = 7,61 (s, 1H), 7,47 (d, ] = 12 Hz, 1 H),
7,37 (s, 1H), 1,12 (d, ] = 4 Hz, 1H), 7,09 (d, ] = 4 Hz, 1H), 4,155 (m, 1H), 4,0 (q, ] = 4 Hz,
2H), 3,130 - 3,00 (m, 2H), 1,330 — 1,23 (m, 9H), 1,090(t, ] = 8 Hz, 3H).

b) Synthesis of 9a-b

R

Tio Pd(ACN),Cl, (6 mmol%) \\
o SPhos (12 mmol%),
o Cul (6 mmol%) 2
| N TMG (1.1 equiv) |
HN ~ Anisole HN.
Boc HN
60°C 18h Boc
8 9a-b

To an oven-dried two-neck round-bottom flask purged under nitrogen atmosphere,
Pd(ACN)2Cl2(31.0 mg, 0.12 mmol, 0.06 equiv), Sphos (122.4 mg, 0.24 mmol, 0.12 equiv),
Cul (22.8 mg, 0.12 mmol, 0.06 equiv), compound 8 (980.4 mg, 2.04 mmol, 1 equiv), alkyne
(1.5 equiv) and TMG (280uL, 2.24 mmol, 1.1 equiv) were added in degassed anisole (0.5
M). The reaction was let stirring overnight at 60°C. The crude was diluted with EtOAc
and washed three times with water. The organic phase was dried with Na:SO: and

concentrated under reduced pressure. The crude was purified by flash chromatography.

Purification by flash chromatography (Cy:EtOAc, 7:3).
Isolated yield = 84%.
'H NMR (400 MHz, CDCls) o (ppm) =8.12 (s, 1H), 7.78 (s, 1H),
o~ 7.54 (s, 1H), 7.53 (s, 1H), 7.36 — 7.31 (m, 4H), 7.04 (s, 1H), 5.09
Ay i HN. (d, ] =8 Hz, 1H), 4.64 (m, 1H), 4.15 (m, 2H), 3.30 (m, 2H), 1.45
(s, 9H), 1.26 (t, ] =8 Hz, 3H)

Ph

A\

9a
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Purification by flash chromatography (Cy:EtOAc, 8:2).
¢ Isolated yield = 79%.
W\ 'H NMR (400 MHz, CDCl3) & (ppm) = 8.12 (s, 1H), 7.62 (s,
1H), 7.23 (s, 1H), 6.69 (s, 1H), 5.09 (d, ] = 8 Hz, 1H), 4.62 (m,
1H), 4.15 (m, 2H), 3.25 (m, 2H), 2.41 (t, ] = 4 Hz, 2H), 1.61 (m,
BOC  2H), 1.44 (s, 9H), 5.09 (d, ] = 8 Hz, 1H), 1.37 — 1.20 (m, 12H),
b 0.89 (t, ] = 4 Hz, 3H)

HsC

HN HN.

¢) Synthesis of 10a-b

R
\ "
0 1. Pd/C1o% wiw 0
A~ H, atm. press. A
z © z ©
HN—  HN.g 2. TFAH,0:TIPS HN NH;
(95:2.5:2.5)
DCM, 0°C-25°C
9a-b 10a-b
Reduction of the alkyne

To an oven-dried two-neck round-bottom flask purged under nitrogen atmosphere, 9a-
b (1 equiv) was dissolved in AcOEt (0.2 M). Then dry Pd/C (10% w/w) was added, and
the atmosphere was switched from nitrogen to Hz gas (balloon). The reaction was stirred
24h at room temperature. When the reaction was completed, the mixture was filtered
through a pad of celite and washed with EtOAc. The solvent was then removed under

vacuum and no further purification was required.

Ph H NMR (400 MHz, CDCls) §(ppm) =8.02 (s, 1H), 7.38 (s, 1H),
7,32 —7.19 (m, 6H + CDCL), 7.04 (d, ] = 8 Hz, 1H), 6.9 (s, 1H),
o~ 5:09(d, ] =8Hz, 1H), 462 (m, 1H), 412 (m, 2H), 3.27 (d, ] = 4

S N Hz, 2H), 3.04 — 2.93 (m, 4H), 1.42 (s, 9H), 1.21 (t, ] = 8 Hz, 3H)
oc

1H NMR (400 MHz, CDCl3) 8(ppm) =7.99 (s, 1H), 7.34 (s,1H),

HaC
‘ . 7.24 (d, 1H), 7.03 (d, ] = 4 Hz, 1H), 6.98 (s, 1H), 5.10 (d, ] = 8
o~ Hz 1H),4.63 (m, 1H), 4.13 (m, 2H), 3.27 (d, ] = 4 Hz, 2H), 2.69
A N (t, ] =8 Hz, 2H), 1.65 (m, 2H), 1.43 (s, 9H), 1.38-1.24 (m, 14H),

ocC

1.21 (t, ] = 4 Hz, 3H), 0.89 (t, ] = 4 Hz, 3H)
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Boc removal

In a round-bottom flask, Boc-NH-Trp(5-alkyl)-OEt (1 equiv) was dissolved in DCM (0.2
M), and a solution of 2.5 equiv of TIPS and water 5% v/v in DCM was added. The mixture
was then cooled down at 0°C and TFA (18 equiv) was added dropwise and after 1 hour
the reaction was allowed to warm up at room temperature. After the completion of the
reaction, monitored by TLC, the solvent was evaporated under reduced pressure and the
crude material was used in the following step without further purification to obtain 10a-

b in quantitative yields.

3.2.4.5. Synthesis of dipeptide 4a-c and 11a-b

(0]
TFA
HN Y O H ¢
HN
O HNYN\be '
3a-c HN T3P (2 equiv) da-c
DIPEA (5 equiv)
R * : NH o
DCM
Boc. OH Pbf. A
NH oe N 10 min, rt b N HWLNH

— (o)

BOC,NHM%O\/
TFA o_ Boc-Arg(PBF)-OH N ©
H,N
NH
o}
10a-b Mab

To an oven-dried two-neck round-bottom flask purged under nitrogen atmosphere, 1
equiv of TFA-H2N-Trp(2-alkyl)-OEt (3a-c) or TFA-H:N-Trp(5-alkyl)-OEt (10a-b) was
solubilised in DCM dry (0.2 M). Boc-Arg(PBF)-OH (1.1 equiv), DIPEA (5 equiv) and
T3P® (50 wt. % in DCM, 2 equiv) were added following this order. The solution was
stirred for 10 min, and the organic phase was washed once with H.0, HCl(aq) (0.01 M)
and NaHCOs(aq) (0.01 M). The organic layer was dried over anhydrous Na25Os, and the
crude was purified by flash chromatography.

Purification by flash chromatography (Cy:EtOAc,
NH o 7:3). Isolated yield = 61%.
'H NMR (400 MHz, MeOD) 6(ppm) = 7.42 (d, J = 8Hz,
i 1H), 7.25(d, J = 8Hz, 1H), 7.0~ 6.91 (m, 2H), 5.59 (s,
f\,/\f‘“’:\ﬁl// } 1H), 4.65 (t, ] = 4Hz, 1H), 4.05 — 3.85 (m, 3H), 3.25 —
N 3.05 (m, 4H), 2.94 (s, 2H), 2.73 (t, ] = 8Hz, 1H), 2.59 (s,
3H), 2.52 (s, 3H), 2.07 (s, 3H), 1.68 (m, 2H), 1.56 — 1.20
(m, 35H), 0.94 (t, ] = 8Hz, 1H), 0.89 (t, ] = 4Hz, 1H).
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Purification by flash chromatography (Cy:EtOAc, 8:2).

NH @]
Pbr\NJLN NH Isolated yield = 58%.

H Ho o oNHL O~ THNMR (400 MHz, MeOD) &(ppm) =7.30 - 7.13 (m, 10H),
A9 4.68(s,1H), 3.30 — 3.10 (m, 8H), 3.02 (s, 2H), 2.85 — 2.77 (m,
O HN 3H), 2.73 - 2.65 (m, 3H), 2.59(s, 2H), 2.53 (s, 2H); 2.11 (s,

4b 2H), 1.5 -1.20 (m, 20H).
° Purification by flash chromatography (Cy:EtOAc, 7:3).

NH
be‘NJ\N N Isolated yield = 64%
H H BocNH. &(O\/ '"H NMR (400 MHz, CDCls) 6(ppm) =7.42 (dd, ] =8Hz, ]
oc” |

A9 =24 2H), 7,10 - 6.99 (m, 2H), 6.72 (d, ] = 8Hz, 1H), 4.75
HN (s, 1H), 4.12 (m, 3H), 3.29 — 3.05 (m, 3H), 2.96 (s, 2H),
ac 2.81 (m, 1H), 2.70 - 2.50 (m, 6H), 2.60 (s, 3H), 2.53 (s, 3H),

2.11 (s, 3H), 1.50 — 1.35 (m, 12H), 1.26 (t, ] = 8Hz, 3H),
0.95 (d, J = 8Hz, 3H), 0.9 (d, ] = 8Hz, 3H).

Purification by flash chromatography (Cy:EtOAc, 8:2).

NH 0]
Pbf., ,U\N NH Isolated yield = 59%
H H Boc/NHv"KWO\/ 'H NMR (400 MHz, MeOD) §(ppm) = 7.29 (s, 1H),
o 7.25-7.09 (m, 5H), 7.05 - 7.03 (m, 1H), 6.94 (m, 1H), 4.65 (s,
7Y
~ “NH 1H), 4.00 (s, 1H), 3.33 - 3.10 (m, 4H), 3.00 - 2.85 (m, 4H),
5 2.56 (s, 3H), 2.50 (s, 3H), 2.06 (s, 3H), 1.50 — 1.40 (m, 11H),
~( 1.23 (t, ] = 8Hz, 3H).
b 11a
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NH 0 Purification by flash chromatography (Cy:EtOAc,

be\N J\N’\/\HLNH 65:35). Isolated yield = 53%
H H BOC/NH\\«HrO\/ IH NMR (400 MHz, MeOD) §(ppm) = 8.05 (d, ] = 8Hz,
e 1H), 7.40 (s, 1H), 7.33 (d, ] = 8Hz), 7.16 (s, 1H), 7.01 (d,
NH J=8Hz, 1H), 4.82 (s, 1H), 4.19-4.11 (m, 3H), 3.38 - 3.16

(m, 5H), 3.01 (s, 2H), 3.00 — 2.85 (m, 4H), 3.01 (s, 2H),
2.75 (t, ] = 8Hz 2H), 2.69 (s, 3H), 2.62 (s, 3H), 2.16 (s,
3H), 1.85 — 1.55 (m, 8H), 1.50 (s, 10H), 1.50 — 1.35 (m,
18H), 1.31 (t, J = 8Hz, 3H), 1.31 (t, ] = 8Hz, 3H).

11b

3.2.4.6. Synthesis of compounds 5a-c and 12a-b by removal of the ethyl ester
NH 0

be\ NH be\NkNMNH
NH. g(o\/ Hon Boc”NH“'Kr/
o} P
@ 5
LiOH (9 equiv)
5a-c
THF:H,0 (1:1)
0°C to 25°C )NLH %
be\ MHLNH Pbf. N«/\)LNH
NHo H(o\/ H H BOC,NHWH(OH
o} . O
NH
11a-b 12a-b

In a round-bottom flask, the dipeptide Boc-HN-Arg(PBF)-Trp(2-alkyl)-OEt (4a-c) or Boc-
HN-Arg(PBF)-Trp(5-alkyl)-OEt (11a-b) (1 equiv) was dissolved in THF/ H20 (1:1, 0.2
M). LiOH - H20 (9 equiv) was added at 0°C and after 1 hour, the reaction was allowed to
warm to room temperature and stirred overnight. The THF was evaporated under
vacuum and the aqueous mixture was acidified to pH=1, diluted with EtOAc and
washed with 0.1 M HCIL The organic phase was dried with Na:SOs. No further

purification was carried out.

NH O o
be\NJ\N/\/\HJ\NH Yield 88%)
HOH u.on "HNMR (400 MHz, MeOD) 8(ppm) = 7.83 (d, ] = 8Hz,
O 1H), 7.49 (d, J = 8Hz, 1H), 7.26 (d, ] = 8Hz, 1H), 7.02 —

7
HN 6.93 (m, 3H), 4.73 (t, ] = 8Hz, 1H), 4.00 (s, 1H), 3.33 - 3.10
5a (m, 5H), 3.02 (s, 2H), 2.58 (s, 3H), 2.52 (s, 3H), 2.12 (s,

3H), 1.71 (t, ] = 8Hz, 2H), 1.5 — 1.25 (m, 40H), 0.91 (t, ] =
8Hz, 3H).
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NH o}
H H _NH_.L__OH
Boc

o)
7
O HN O
5b
NH o]
be\NJLN/\/\HLNH
H H _NH..L__OH
Boc N
o)
72
HN
5c
J\IJ\H o]
Pbf-y, N/WLNH
H H Boc-NH. . OH
ocC
. O
Q NH
O 12a
NH o)

Yield = 91%

H NMR (400 MHz, MeOD) §(ppm) = 7.24 -7.10 (m, 9H),
459 (s, 1H), 3.25- 3.05 (m, 7H), 3.3 — 2.92 (m, 7H), 2.97 (s,
2H), 2.78 — 2.73 (m, 3H), 2.68 — 2.62 (m, 3H), 2.57 (s, 3H),
2.50 (s, 3H), 2.07 (s, 3H), 1.5 — 1.2 (m, 20H).

Yield = 87%

1H NMR (400 MHz, MeOD) §(ppm) =7.51 (d, ] = 8Hz, 1H),
7.26 (d, ] = 8Hz, 1H), 6.96 (m, 2H), 4.70 (s, 1H), 3.98 (s, 1H),
3.29 -3.05 (m, 6H), 3.00 (s, 2H), 3.01 (s, 2H), 2.65 (t, ] = 8Hz,
2H), 2.60 (s, 3H), 2.53 (s, 3H), 2.10 (s, 3H), 1.66 — 1.35 (m,
21H), 1.26 (t, ] = 8Hz, 3H), 0,.7 (d, ] = 8Hz, 6H).

Yield = 90%

'H NMR (400 MHz, MeOD) §(ppm) = 7.38 (s,1H), 7.27 —
7.15(m, 7H), 7.08(s, 1H), 6.98 — 6.94 (m, 2H), 4.73 (s, 1H),
4.00 (s, 1H), 3.23 — 3.12 (m, 4H), 3.3 — 2.92 (m, 7H), 2.58 (s,
3H), 2.52 (s, 3H), 2.10 (s, 3H), 1.50 — 1.37 (m, 16H).

Yield = 87%

'H NMR (400 MHz, CDCL3), §(ppm) = 7.35 — 7.25 (m,
2H), 7.21 (m, 1H), 6.97 (s, 1H), 6.93 — 6.88 (m, 1H), 4.73
(t, ] = 8Hz, 1H), 4.02 (s, 1H), 3.35 — 2.95(m, 6H), 2.90 (s,
2H), 2.63 (m, 2H), 3.02 (s, 3H), 2.52 (s, 3H), 2.46 (s, 3H)
2.05 (s, 3H), 1.99 (m, 2H), 1.59 (m, 3H), 1.49 — 1.15 (m,
32H), 0.85 (m, 3H).
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3.2.4.7. Synthesis of compound 16

H
H H HN N

HN_N.
N Pbf HN
HN

HT\I/ Pof 1. T3P (1.5 equiv)

. DIPEA (3 equiv) 2. TEA

HoN - > - = = -

DCM, 10 min EtOAc, 40 min NH

Fmoc. OH Fmoc. NH HoN V\©
o

H o H o ¢\©

15 16

HN

a) Coupling

To an oven-dried two-neck round-bottom flask purged under nitrogen atmosphere,
Fmoc-Arg(PBF)-OH (389.3 mg, 0.6 mmol, 1 equiv), phenethylamine (75 uL, 0.6 mmol, 1
equiv) were dissolved in DCM dry (3.5 mL, 0.2M). DIPEA (313 uL, 3 equiv) and T3P® (50
wt. % in DCM, 1.5 equiv) of TFA-H2N-Trp(2-alkyl)-OEt (3a-c) or TFA-H2N-Trp(5-alkyl)-
Oet (10a-b) was dissolved in DCM dry (0.2 M). Boc-Arg(PBF)-OH (1.1 equiv), DIPEA (5
equiv) and T3P® (50 wt. % in DCM, 2 equiv) were added following this order. The
solution was stirred for 10 min, and the organic phase was washed once with H:0,
HCl(aq) (0.01 M) and NaHCOs3(q) (0.01 M). The organic layer was dried over anhydrous
Na2SOs.

b) Fmoc Removal

In a round-bottom flask, compound 15 (1 equiv) was dissolved in EtOAc (0.2 M) and
tert-butylamine (19 equiv). The reaction was allowed to stir at room temperature and
monitored by TLC. After 40 minutes, the solvent was removed under reduced pressure

and no further purification was carried out.
3.2.4.8. Synthesis of tripeptides 6a-c and 13a-b

NH o y
H H
be\N)kNWKNH BOC,NH\NoHTN,,, N
H H _NH "ck(OH
Boc M

R

o) AN

R~/ HN N N, NH
HN N Pof H o poic A

HN T3P (1.5 equiv)

i H
sa-c DIPEA (3 equiv) 6ac
DCM, 10 min

To an oven-dried two-neck round-bottom flask purged under nitrogen atmosphere, the
dipeptides Boc-Arg(PBF)-Trp(2-akyl)-OH 5a-c and Boc-Arg(PBF)-Trp(5-akyl)-OH 12a-b
(1 equiv) were solubilised in DCM dry (0.2 M). Compound 16 (1.1 equiv), DIPEA (3
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equiv) and T3P® (50 wt. % in DCM, 1.5 equiv) were added following this order. The
solution was stirred for 10 min, and the organic phase was washed once with H2O, HClqg)
(0.01 M) and NaHCOs(@q (0.01 M). The organic layer was dried over anhydrous Na2SOs,
and the crude was purified by flash chromatography.

NH o O Purification by flash  chromatography
F’bf\HJLHN/\)*NH 4o (DCM/MeOH = 97/3). Isolated yield = 56%

Boc’NH“; ﬁg“ N 'H NMR (400 MHz, MeOD): §(ppm) = 7.43 (d,

TR LNH ] = 8Hz, 1H), 7.27 (d, J = 8Hz, 1H), 7.17 (d, ] =

L 8Hz, 2H), 7.09 (m, 2H), 699 (t, ] = 8Hz, 1H),

Pbf 6.93 (t, ] =8Hz, 1H), 4,.1 (t, J = 4Hz, 1H), 4.17 (s,

1H), 3.78 (s, 1H), 3.30 — 2.95 (m, 8H), 2.91 (s,
4H), 2.72 (t, ] = 8Hz, 2H), 2.63 (t, ] = 8Hz, 2H), 2.56 (s,6H), 2.50 (s, 6H), 2.04 (s, 6H), 1.70
1.45 (m, 6H), 1.38 (s, 9H), 1.35 — 1.20 (m, 24H), 0.86 (t, ] = 8Hz, 3H).

NH o) E\l Purification = by  flash  chromatography
be\ﬁj\ﬁ/‘v% W © [ (DCM/MeOH =98/2). Isolated yield = 58%

Boc’Nj\" Kg“ N H NMR (400 MHz, MeOD): §(ppm) = 7.55 — 7.4

X \T\\f \L (m, 2H), 7.3 - 6.9 (m, 11H) 7.40 — 7.05 (m, 10H),

L/ =/ “rlH 4.49 (s, 1H), 4.15 (s, 1H), 3.25 — 3.00 (m, 6H), 2.96

HNSNH (s, 3H), 2.78 (m, 2H), 2.72 — 2.63 (m, 2H), 2.57

6b Pot (s,4H), 2.53 (s, 4H), 2.06 (s, 6H), 2.02 — 1.96 (m,

NH o Purification = by  flash  chromatography
be\N)LN»\/\)LNH e ‘/© (Cy:EtOAc, 6:4). Isolated yield = 41%

HOoH G o NHOL N 'H NMR (400 MHz, MeOD): §(ppm) =7.49 (d, ] =

/\\* O\ i 4Hz, 1H), 7.30 (d, ] =8Hz, 1H), 7.25—7.20 (m, 2H),

h HN@ NH 7.17 = 7.12 (m, 2H), 7.07 — 6.95 (m, 2H), 5.58 (s,

HNKNH 1H), 4.54 (s,1H), 4.19 (s, 1H), 3.30- 3 (m, 6H), 2.90

6 Pof (s, 3H), 2.73 — 2.60 (m, 2H), 2.60 (s, 4H), 2.09 (s,

4H), 2.09 - 2 (m, 1H), 1.75 — 1.20 (m, 24H), 0.95 (t, ] = 8Hz, 6H).
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/7 Purification by  flash  chromatography
/(/ (DCM/MeOH = 98/2). Isolated yield = 47%.

(0]

NN BOC,NHL_ HTHLJKH J IH NMR (400 MHz, MeOD): §(ppm) = 7.49 —7.35
~N o . (m, 2H), 7.27 - 7.05 (m, 11H) 7.00 — 6.90 (m, 2H),
P NH 5.60 (s, 1H), 4.58 (s, 1H), 4.20 (s, 1H), 3.30 - 2.85

Q\" Hgk‘jNH (m, 15H), 2.68 (t, ] = 4Hz 2H), 2.59 (s,6H), 2.53 (s,
(})\ 6H), 2.08 (s, 6H), 1.70 — 1.3 (m, 28H), 0.9 (m, 3H).
13a

NH o Purification by flash chromatography (DCM:
Pbf. Ay /\HLNH h O J/Q MeOH, 96:4). Isolated yield = 65%
HH Boc"“j““\(N"HH 'H NMR (400 MHz, MeODY): §(ppm) = 7.78 (d, J =
N 8Hz, 1H), 7.62 (m, 1H) 7.40 — 7.05 (m, 10H), 6.93
S/ N (m, 1H), 4.58 (s, 1H), 4.19 (s, 1H), 3.30 — 3.00 (m
/ M 8H),2.96 (s, 4H), 2.8~ 2.63 (m, 4H), 2.59 (s,6H), 2.53
/ (s, 6H), 2.08 (s, 6H), 1.70 - 1.2 (m, 45H), 0.9 (m, 3H).
(
)
|
' 13b

)k J\JJ\H o
be\ MNH b o H N N/\/\)LNH b o

NHACN, A NH@HTN N
o H o H

X~R X~R
N, /NC o il NH /I\LH

H Pbf- eavage cocktal
N°NH TFAH,O/TIPS HN"NH

6a-c (92.5:3.75:3.75) Ta-c
Pof Ay NH 4 O HoN N
H H

H
BocNH SN, N NH;H(N
J\@O
R
NH NH R NH NH

H NH HoN™ “NH
13a-b 14a-b

In a round-bottom flask, the cleavage cocktail TFA/H2O/TIPS (92.5:3.75:3.75) was added
dropwise at 0°C to Boc-Arg(PBF)-Trp(2-akyl)-OH-Arg(Pbf)-(CH:)Ph (6a-c) and Boc-
Arg(PBF)-Trp(5-akyl)-OH-Arg(Pbf)-(CH:):Ph (13a-b) dissolved in the minimum amount

of DCM. After stirring for 30 minutes at 0°C, the reaction was allowed to stir at room

z
I
o
I

temperature and monitored by TLC. Precipitation was carried out by dropwise addition
of diethyl ether (Et:0) at 0°C and the resulting precipitates were recovered as white
solids by vacuum filtration and washed with cold Et:O.
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" o Kj 'H NMR (400 MHz, MeOD): §(ppm) = 7.57 (d,

L~ /\HLNH ., o - J=8Hz 1H),7.30~7.23 (m, 3H),7.18 ~7.14 (m,

H NHz L N NJ 3H), 7.06 — 6.99 (m, 3H), 4.64 (s, 1H), 4.23 (s,

. % " 1H), 4.06 (s, 1H), 3.30 — 2.95 (m, 8H), 2.73 (s,

= N 2H), 2.57 (t, ] = 8Hz, 2H), 2.01 (s, 2H), 1.80 —

HNTNH - 1,40 (m, 9 H) 1.40 — 1.15 (m, 20H), 0.88 (t, ] =

8Hz, 3H).

13C NMR (400 MHz, MeOD): §(ppm) = 174.17, 173.20, 158.67, 158.50, 140.21, 139.35,

137.10, 129.78, 129.47, 127.34, 105.87, 42.00, 36.46, 33.06, 30.77, 30.48, 23.73, 19.48, 14.49 .

7a

NH o 'H NMR (400 MHz, MeOD): §(ppm) = 7.58 (d, ] =
HNJLH«/\)LNH 4 o J/© 8Hz, 1H), 7.30 — 6.99 (m, 14H), 4.64 (s, 1H), 4,21 (s,
NHa LN 1H), 4.02 (s, 1H), 3,25 — 3 (m, 8H), 2.81 (t, ] = 8Hz,
AR : 2H), 2.64 (t, ] = 8Hz, 2H), 2.57 (t, ] = 8Hz, 2H), 1.9

O HN NH (m, 4H), 1.78 — 1.46 (m, SH).
HoNNH 13C NMR (400 MHz, MeOD): §(ppm) = 174.10,
7b 173.18, 158.62, 143.40, 140.20, 138.86, 137.18, 129.78,

129.46, 129.42, 129.35, 127.34, 126.79, 106.16, 49.00
41.96, 36.71 36.38, 32.70, 26.81, 26.13, 19.33.

'"H NMR (400 MHz, MeOD): §(ppm) =7.60 (d, J
=8Hz, 1H) 7.31 - 7.25 (m, 2H), 7.20 (d, ] = 8Hz,
2H), 7.08 — 6.99 (m, 2H), 4.65 (t, ] = 8Hz, 1H),
4.19 (s, 1H), 3.99 (S, 1H), 3.25-3.01 (m, 6H), 2.66
—2.59 (m, ] =8Hz, 3H),2.01 (m,2H),1.79-1.4
(m, 9H), 0.97 (d, ] = 8Hz, 6H).
3C NMR (400 MHz, MeOD): §(ppm) = 174.08,
7c 173.16, 170.12, 158.67, 140.21, 138.41, 137.10,
129.78, 129.46, 127.35, 121.80, 119.91, 118.97, 111.73, 106.61, 53.54, 41.96, 36.38, 36.20,
30.36, 29.60, 26.14,14.95, 23, 22.90.
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1H) 7.31 - 7.25 (m, 5,H), 7.22 - 7.15 (m, 5H), 7.08
(d, ] = 8Hz, 1H), 4.73 (t, ] =2 Hz, 1H), 4.25 (dd, ]
= 4Hz, ] = 9Hz, 1H), 3.95 (t, ] = 5Hz, 3H), 3.31 -
NH NH 3.28 (m, 2H), 3.25 — 3.21 (m, 3H), 3.00 — 2.98 (m,
2H), 2.96 - 2.93 (m, 2H), 2.73 (t, ] = 8Hz, 2H), 2.03

IH NMR (600 MHz, MeOD): §(ppm) = 7.49 (s,
NH o) J/@

H,N"“NH
O ~1.95 (m, 3H), 2.76 — 1.69 (m, 4H), 1.6 — 1.49 (m,
3H).
14a 13C NMR (600 MHz, MeOD): §(ppm) = 174.37,

173.43,170.17, 163.05, 162.82, 158.77, 158.66, 143.55, 140.27, 136.75, 133.86, 129.85, 129.55,
129.30, 127.48, 127.43, 126.79, 125.23, 123.78, 118.59, 112.24, 110.22, 56.46, 54.49, 53.79,
42.05, 41.92, 41.72, 40.14, 39.61, 36.42, 30.21, 29.62, 28.86, 26.04, 24.88, 24.21.

'H NMR (600 MHz, MeOD): §(ppm) = 7.4 (s, 1H)

b Q 7.29 — 7.27 (m, 3H), 7.20 — 7.18 (m, 3H), 6.99 (d, ] =
HoN N/\/\H\NH H
H NHEYN”' \ 8Hz, 1H), 4.74 (t, ] = 5Hz, 1H), 4.25 (dd, ] = 4Hz, ] =
o H 9Hz, 1H), 3.95 (t, ] = 5Hz, 3H), 3.31 — 3.05 (m, 8H),
AN
NH NH 2.71-2.65 (m, 4H), 1.99 — 1.95 (m, 2H), 1.80 — 1.50 (m,

HNSNH 10H), 1.39 - 1.29 (m, 14H), 0.9 (t, J = 12Hz, 3H).
13C NMR (600 MHz, MeOD): §(ppm) = 174, 173, 170,
163.08, 158.46, 140.23, 136,.64, 129.84, 129.50, 128.64,
127.42, 125.01, 123.79, 118.40, 112.22, 110.05, 56.25,
54.45, 53.75, 42.01, 41.90, 41.78, 37.36, 36.40, 33.78,
33.07, 30.80, 30.76, 30.56, 30.46, 30.17, 29.65, 28.87,

14b

26.07, 24.92, 23073, 14.43.

3.2.4.10. Procedure for late-stage functionalisation of Boc-NH-Trp-Leu-O'‘Bu

PdCl,, ligand
o Oy -OtBu K,COj3 (4 equiv) o) OYO‘[BU
&)\ NBE (2 equiv) &)\
I HN H Solvent HN HN.
HN “Boc 60°C, 24h Boc
Qso
CH,
1d 2d

To an oven-dried two-neck round-bottom flask purged under nitrogen atmosphere,
PdClz (10% or 20% mmol) and the ligand (1 or 2 equiv) were added in the solvent (0.5
M). Then, Boc-NH-Trp-Leu-O'Bu 1d (94.7 mg, 0.2 mmol, 1 equiv), K2COs(110.6 mg, 0.8
mmol, 4 equiv), XCH2-(CH:)10-CHs3 (0.8 mmol, 4 equiv), NBE (37.6 mg, 0.4 mmol, 2 equiv)
were added and the reaction stirred at 60°C. After 24 hours, the reaction was quenched
by the addition of water. An aliquot of the mixture was taken and diluted in 1.5 mL of
ACN/H20 (5:5). The sample was then analysed by HPLC-MS to evaluate the conversion
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(%). The conversion was calculated from the area of the HPLC peaks by comparing the

UV signal at 220 nm of 1d with the product 2d without RRF correction. The collected
data are reported in Table 43.

An example HPLC profile is given below.

DADT B, Sig=220.4
mAU |
2500 |
2000

1500

-
o

1000

OSPhos E 2d
Il | o =)
500 , | ) &
A | | o
0 A J A\."L‘ - (AN T
A R S
Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s ] [mAU] %

1 21.271 BB 0.1904 6174.21631 498.93118 73.4845
2 32.210 BB 0.3576 2227.85352 96.40446 26.5155

Figure 129. HPLC profile of the reaction performed with 20% PdClz, SPhos (2 equiv), bromododecane in

DMF/H20 10:1 (0.5 M) at 60°C (see Entry 7, Table 43). HPLC method: 80%B (0 min), 80%B (22 min), 60%B (24
min), 10%B (25 min), 10%B (40 min).

214



CHAPTER 4

CHAPTER

Enantioselective Nucleophilic Fluorination via

Synergistic Phase Transfer Catalysis with KF

4.1. Introduction

Catalytic enantioselective fluorination has been dominated by methods using
electrophilic fluorinating reagents from the development of N-fluorobenzene-
sulfonimide (NFSI) and 1-chloromethyl-4-fluoro-1,4-diazoniabicyclo- [2.2.2]octane
bis(tetrafluoroborates) (Selectfluor) in the 1990s1?’l. Phase transfer catalysis (PTC) is one
of the most successful methods applied to asymmetric electrophilic fluorinations. In
2010, Maruoka and co-workers®!l disclosed a cationic PTC for the asymmetric
electrophilic  fluorination of «cyclic (-keto esters with NFSI and bis-
(diarylhydroxymethyl) substituents at 3,3’-positions of the chiral binaphthyl core as
phase transfer catalyst (Figure 130a). A year later, Toste and co-workers?*?l reported an
anionic PTC for enantioselective fluorocyclization using Selectfluor (insoluble in non-

polar media) and chiral phosphate as catalyst (Figure 130b).

a) Maruoka, 2010 Ar_ Ar 5
oo ™
€]
®
o o cat2 ? o N % o *
\ NFSI (1.1 equiv) ) _/ S~ _CO,Bu RMN®
J O'Bu / X OBu
: 0.5 M K,CO,4 . FF OH
ether )
1 3 Ar Ar

b) Toste, 2011

[SNIe)
A \/P< *

O Al \
Y r cat5 oF ©

NH Selectfluor (1.1 equiv) N®ﬁcI
= A T
O Na,COj (1.1 equiv) N r o o //hé\)
CeHsF P F
* 2 \o\\
4 6 ©

R=CgH47, H

Figure 130. Asymmetric electrophilic fluorination via cationic and anionic PTC.
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Alkali metal fluorides are abundant and inexpensive. However, their poor
solubility in organic solvents and difficulties in dealing with the high basicity of fluoride
have limited their use. Several phase transfer catalysts for nucleophilic fluorination have
been investigated, with crown ethers being the most commonly used®?. In 2018,
Gouverneur and co-workersi®# reported for the first time the hydrogen-bond phase
transfer catalysis (HB-PTC) for enantioselective fluorination. This strategy paved the
way for the enantioselective nucleophilic fluorination using a catalytic approach. The
group had previously documented the ability of diarylurea to form hydrogen-bonded
complexes with F-, from tetrabutylammonium fluoride, favouring Snx2 reactions over
undesired E2 reactions?®!. In this work, they showed that chiral bis-urea is able to act as
a solid-liquid phase transfer catalyst to obtain nucleophilic enantioselective fluorination
of B-bromosulfides with a metal fluoride insoluble in organic media (Figure 131a). The
same group also reported the synthesis of (B-fluoroamines with KF?l and of

vY-fluoroamines®”! (Figure 131 b-c).

a. Gouverneur et al., 2018

Fgc
Ph._~. Ph o~
$ cat1 g OO N C
O Br CsF (1 2 equiv) O F N H Fs
P
DCM or 1,2-DFB O N H FaC
Fgc

2

3

3

b. Gouverneur et al., 2019

R R R -R
N
cat2 &
Cl KF (5 equiv) ) F insoluble alkali-
Ph Ph C-F bond
/Y > /I formation metal fluoride
CHCI3 or DCM

c. Gouverneuret al., 2020

\ \
R' R2 t1 H H H‘ ,H
. ca = \mt
N*¥ -OTf  GsF (1.2 equiv) Ph R _ExF >< M* F soluble chiral
> F\/k/N\R2 lon pairing F reagent
1,2-DCE M*LG E—-LG
Ph !
R R R' R2
RS Br U, R-N cl R R N+
Y — s\Br. 1 N oTf
P Pn Ph/L oh el PN\ ]
P Ph Ph
meso-episulfonium meso-aziridinium ion azetidinium ion

Figure 131. Enantioselective nucleophilic fluorination of charged electrophiles via HB-PTC.

The nucleophilic fluorination via HB-PTC described above is based on the
asymmetric desymmetrisation of onium-type electrophiles generated in situ or
preformed achiral azetidinium salts. With the aim of extending this methodology to
neutral electrophiles, the Gouverneur group developed the Synergistic HB-PTC (S-
HBPTC). In this case, to overcome the lack of ion pairing between the onium

electrophiles and urea-fluoride complexes, an onium was employed as a co-catalyst
(Scheme 18).
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Scheme 18. Enantioconvergent nucleophilic substitution of benzylic bromides with KF via SSHBPTC.

o]
Ar. Ar
~N N )L N~
H H
Br X Br
o H )\ o
Ar AR AR Ar
(1) oy R Ny .
; e A "
N H A substrate racemisation FO© s %KB‘r
r
O \[O( \\_/ R KBr(s)
HBD cat*

Synergistic HBPTC stabilised chiral F " reagent enantioenriched

They demonstrated that: (i) an apolar medium, such as p-xylene, is the best
solvent for benzylic fluorination and that the fluorination occurs via an Sx2-like
mechanism; (ii) the bis-urea and onium salts can solubilise KF, which is completely
insoluble in an apolar solvent, to form a tricoordinate hydrogen-bonded complex; (iii)
tetraphenylphosphonium iodide (PPh+'I") is the most efficient and, in particular, the
onium iodide salt accelerates the reaction compared to the corresponding bromide; (iv)
racemisation of the benzylic substrate occurs in the presence of both bis-urea and onium
salt and that the rate of racemisation exceeds the rate of fluorination (Figure 132). The

gram-scale reliability of the strategy was also demonstrated.

F
F
0]
t3 (10 19

Br cat 3 (10 mol%) E OO N/“\N
PPhyl (10 mol%) N N H

KF (2.5 equiv) : . AN

p-xylene (0.25 M) /©/\
Ph Ph Ph C N H
N
4a O \W c

15°C,72h
rac-1a (R)-2a Fs
y=76%, e.r.=92.5:7.5
ratio 2a:4a = 15:1 3 FsC
X
Al JA
r\’\“ 'T' r .
H H ‘l
cat3 o)
F Ar\N)kN,Ar Br
| |
PR x=1 —H_H Ph)\
cat3
X X /\
X=Br
Ph N Ph)\ Ph)\
X i
Al Al
r\’\“ ’T‘ r Ar\NkN,Ar
H\ «H H\ /H
F Br
KBr(s) KF

Figure 132. Optimised conditions of enantioselective fluorination via S-HBPTC and proposed catalytic cycle.
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Chiral a-halogenated carbonyl compounds are an important class of molecules
with high medicinal chemistry relevance and useful building blocks in organic
synthesisi??¥]. Considering the lack of synthetic approaches towards enantioenriched
a-fluoroketone structures, which currently rely on enamine formation and the use of
expensive electrophilic fluorinating reagents (e.g. NFSI)P®, we chose the «-
bromooketones to extend the S-HBPTC strategy to other neutral electrophiles.

In this context, during my stay at the University of Oxford in Professor
Gouverneur's group, I focused on studying the catalytic asymmetric nucleophilic

fluorination of a-bromoketones.

4.2. Results and Discussion

We started this work by studying the enantioselective fluorination of the
commercially available rac-1a under S-HBPTC with KF, PPhs'T, and bis-urea 3a®* as
catalyst in different solvents (Table 44). As an inverse correlation between the dielectric
constant of the solvent (€) and the enantiomeric ratio (e.r.) was observed with benzyl
bromides, we first carried out the reaction in toluene, but we observed low
enantioselectivity (entry 1, Table 44). We repeated the nucleophilic substitution in more
polar solvents, and we found that the acetonitrile was the best in terms of the observed

enantiomeric ratio (entry 6 vs entries 1-5, Table 44).

Table 44. Solvent screening for enantioselective fluorination of a-bromoketone under S-HBPTC
FaC

(S)-3a (10 mol%) o 0 Q\
o PPhyl (10 mol%) OO )LN CFs
w KF (5 equiv) Y ” H
i
Br Br Solvent (0.25 M) Br

Y y
N
rac-1a 25°C, 18 h, 1200 rpm (Sy2a OO W/N oF
o | |
(S)-3a FsC

Entry Solvent € 2a (%)?  1a (%) erp
1 Toluene 2.38 21 79 63:37
2 EtOAc 6.02 18 82 60:40
3 THF 7.58 16 84 56:44
4 DCM 8.93 17 83 60:40
5 Acetone 20.7 24 76 63:37
6 ACN 37.5 28 72 71:29

2Yield determined by F NMR using 4-fluoroanisole as internal standard, be.r. was determined by HPLC analysis using
a chiral stationary phase.

To improve the enantioselectivity of the substitution, we evaluated the effect of

several bis-urea catalysts (Figure 133) on the enantiomeric ratio of 2a. We observed that

218



CHAPTER 4

the enantiomeric ratio was increased with the N-alkylated catalysts bearing an extended
polytrifluoromethylated terphenyl n-system, such as (5)-3c and (S)-3g (entries 3-7, Table
45). As the reaction of rac-1a in ACN with (S)-3c¢ afforded 2a in higher yield than with
(5)-3g, we selected the former as the catalyst for our target.

F3C CFs

M “}

(S)-3a (S)-3b (S)-3¢c (S)-3d

CF

Fgc OO BCF

IZ

_/

Z

CF3 CF3

OO )L F3C OO oo )L ’ ’

CO O*”x Oy

H
N Fac OO 7}/ Fac
CFy
CFs FiC \ o FiC \ o

CF3 CF3
(S)-3e (S)-3f (S)-3¢9

z\ IZ

Figure 133. Bis-urea tested as catalyst in the enantioselective fluorination of rac-1a

Table 45. Urea catalyst optimisation.

o urea catalyst (10 mol%) o

PPhyl (10 mol%)
KF (5 equiv) -
Br F
Br ACN (0.25 M) Br

rac-1a 25°C, 18 h, 1200 rpm

(S)-2a
Entry Catalyst 2a (%)? la (%) e.r

1 (S)-3a 28 72 71:29 ref
2 (S)-3b 24 76 77:23
3 (S)-3c 44 56 92:8
4 (S)-d 55 45 70:30
5 (S)-3e 19 81 87:13
6 (S)-3f 26 74 86:14
7 (S)-3g 30 70 93:7

2Yield determined by ”F NMR using 4-fluoroanisole as internal standard, be.r. was determined by HPLC analysis using
a chiral stationary phase.

Based on the previous results, the effect of different onium salts in promoting the
formation of 2a was investigated (Figure 134). Compared to the reference, an increase in
2a yield was observed in the presence of tetraethylammonium iodide (entry 1 vs entry
5, Table 46). We also showed that no significant (mis)matching effect was observed when

using an enantiomer of a chiral ammonium salt (Maruoka phase transfer catalysts)
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(entries 7-8, Table 46). In addition, we demonstrated that in acetonitrile with (5)-3¢c, and
EtsN'I" as co-catalyst, the selectivity for substitution over elimination and the rate of
substrate racemisation exceeds the rate of fluorination (see Experimental Section,
Paragraph 4.4.5).

N+
\x
OO O F
F
(S) F
f [¢]

Figure 134. Phosphonium and ammonium salt tested as co-catalyst with (S)-3¢ in the enantioselective
fluorination of rac-1a.

Table 46. Onium salt optimisation.

(S)-3¢ (10 mol%)

Q onium salt (10 mol%)
KF (5 equiv)
Br Br ACN (0.25 M)
rac-1a T, 18 h, 1200 rpm
Entry Onium salt T (°C) 2a (%)? la (%) e.r
1 a 25 44 56 92:8 ref
2 b 25 42 58 92:8
3 c 25 39 61 91:9
4 d 25 36 64 91:9
5 e 25 60 40 92:8
6 e 60 100 0 86:14
7 f 60 100 100 86:14
8 o] 60 100 0 86:14

2Yield determined by ”F NMR using 4-fluoroanisole as internal standard, be.r. was determined by HPLC analysis using
a chiral stationary phase.
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Further optimisation of the reaction conditions was required to achieve higher
yields and enantiomeric ratios. We found that increasing the time allowed us to improve
the yield without negatively affecting the e.r. (entry 2, Table 47). Performing the reaction
at 0°C was advantageous in terms of enantioselectivity (96:4 e.r.), but we obtained 2a in
5% yield (entry 3, Table 47). Finally, the reaction at 5°C in ACN (0.5 M) gave 2a in good
yield (73%) and high enantioselectivity (95:5 e.r.) (entry 5, Table 47).

Table 47. Conditions optimisation.
o (S)-3¢ (10 mol%) o

Et,N*I" (10 mol%)
E
Br Br ACN (0.25-0.5M) Br

T, time, 1200 rpm

rac-1a (S)-2a

entry mmol/ml T (°C) Time (h) 2a (%)a la (%) er.p
1 0.25 M 25 18 60 40 92:8 ref
2 0.25M 25 63 91 9 92:8
3 0.25M 0 63 5 95 96:4
4 0.25M 5 96 43 57 95:5
5 0.5M 5 96 73 27 95:5
6 0.125 M 5 63 22 78 95:5

2Yield determined by 1F NMR using 4-fluoroanisole as internal standard, be.r. was determined by HPLC analysis using
a chiral stationary phase.

With the optimal reaction conditions established, the scope of the reaction was
investigated (Scheme 19). Variation of the electronic substitution in the para position of
the phenyl ring affected the reactivity compared to the model reaction (rac-1a into 2a).
Substrates bearing electron withdrawing groups (EWG) underwent fluorination with
higher yields (2b-2d), while reactivity and enantioselectivity were maintained when
chloride and fluoride were in the para position instead of bromide (2e-2f). The reaction
of substrates with electron donating groups (EDG) or without any functional group, was
carried out at 25°C to obtain high yields and good e.r. (2g-2i). The elongation of the alky]l
chain further emphasised the selectivity for substitution over elimination, as no side
product formation was observed (2j). Fluorination of a-bromoketones bearing a
thiophene motif was also carried out, giving products 2k and 2l in a good yield and
enantiomeric ratio. Ketones containing a naphthalene ring (2m-20) were fluorinated
with great yield (>93%) and high enantioselectivity at 25°C (up to 98:2 e.r.). Finally, 2p,
which is a starting reagent for bioactive molecules (e.g. Azaperone), was synthesised in
a good yield and e.r.
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Scheme 19. Substrate Scope.
(S)-3¢ (10 mol%)

R Et,N*I (10 mol%)
R@)Kr 1 KF (5 equiv) wm
R -
Br ACN (0.5 M) F

rac-1 5°C,72-96 h 2
o o o o o Q
Br O,N FsC NC F F cl
2a 2b 2c 2d 2e 2f
65% 91% 78% 55% 68%
955 err. 919e.r. 92:8 eur. 96:4 er. 9555 eur.
o o 0
S S
E ? i \ i \ ! i
Me MeO
2g 2h 2i 2k 2|
91%? 83%2 90%2 83%® 60%2 72%2
90:10 e.r. 92:8 er. 92:8eur. 92:8e.r. 88:12e.r. 93:7 er.
0 ¢} R o ., o
F O)k/vm
H F
T L2 90 F
! F
2m 2n 20 2p
93%2 97%2 96%2 78%°
91 9eur. 96:4 e.r. 98:2e.r. 84:16 eur.

aperformed at 25°C, Performed at 40°C

With these conditions in hand, we also tried to apply this strategy to the synthesis of a-
fluorinated amides and esters, but without success due to their lower reactivity
compared to the ketones (Scheme 20). There is a need to further investigate the
applicability of S-HBPTC to these carbonyl compounds.

Scheme 20. Failed substrates.
(S)-3¢ (10 mol%)

Et;N*I (10 mol%)
?A‘XJS/R‘ KF (5 equiv) ‘fx&m
Br 60°C, 63h F
rac-1 2
X=O,N
o] [0) 2
o N ¢}
° F F o F N o N
F H F
2q 2r 2s 2t 2u 2v
y=0% y=0% y=0% y=0% y=0% y=0%

4.3. Conclusion
The catalytic enantioselective nucleophilic fluorination of racemic a-
bromoketones via S-HBPTC has been reported for the first time and is based on the use

of KF as the fluoride source instead of expensive reagents.
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The new catalytic strategy relies on a bis-urea catalyst and an onium salt co-
catalyst working together as a solid-liquid phase transfer to enable enantioselective
nucleophilic fluorination with a metal fluoride insoluble in organic media. The nature of
both catalyst and co-catalyst, as well as the type of solvent, must be adapted to the
specific requirements of different electrophiles. The reaction takes place under mild
conditions and with KF, which is an ideal fluoride source in terms of safety, availability
and cost. In addition, the method is easy to use as it can be performed in an open vessel
and there is no need for dry solvents or pre-treatment of the KF.

This study has shown that Synergistic HB-PTC, previously applied to racemic
benzylic bromides, can be extended to other neutral electrophiles, such as a-

bromoketones, to synthesise molecules of high medicinal chemistry interest.
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4.4. Experimental Section

4.4.1. General Information
Unless stated reagents were purchased from commercial suppliers and used without

further purification. Unless stated solvents were used without drying or degassing, all
reactions that required anhydrous conditions were performed in flamed-dried glassware
under an inert atmosphere of nitrogen and solvents from stills were used. CsF (99.9%
trace metal basis from Sigma-Aldrich) was ground prior to reactions and used without
pre-drying. KF (99.99% trace metal basis from Alfa Aesar) was ground prior to reactions
and used without pre-drying. Reactions were monitored by thin layer chromatography
(TLC) supplied by Merck (Kieselgel 60 Fzs4 plates). Visualisation of reaction on TLC was
accomplished by irradiation with UV light at 254 nm and/or cerium ammonium
molybdate (CAM) stain and/or permanganate stain. Flash column chromatography
(FCC) was performed on Merck silica gel (60, particle size 0.040-0.062 mm). Optical
rotations were measured on an Autopol L 2000 (Schmidt-Haensh) at 589 nm, 25 °C. Data
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are reported as [a]P 2s°c concentration (c in g/100 mL), and solvent. High resolution mass
spectra (HRMS, m/z) were recorded on a Thermo Exactive mass spectrometer equipped
with Waters Acquity liquid chromatography system using the heated electrospray
(HESI-II) probe for positive electrospray ionization (ESI*) or atmospheric pressure
chemical ionization (APCI) or on an Agilent 7200 Q-TOF spectrometer equipped with a
direct insertion probe supplied by Scientific Instrument Manufacturer (SIM) GmbH
using electron ionization (EI—20eV). Some compounds were found to be unstable under
a variety of MS ionization methods (CL EL ESI, GC-MS) and therefore no HRMS could
be obtained for them; this is stated for the relevant compounds. Infrared spectra were
recorder as the neat compound or in liquid solution using a Bruker tensor 27 FT-IR
spectrometer, absorptions are reported in wavenumber (cm-!) Melting points of solids
were measured on a Griffin apparatus and are uncorrected. All enantiomeric ratios (e.r.)
were determined by HPLC analysis on a Shimadzu i-Prominence LC-2030 (PDA
detector), employing a chiral stationary phase, post purification and compared to traces
of the racemic mixtures, which were independently prepared. All NMR spectra were
recorded on Bruker AVIIIHD 400, AVIIIHD 500, AVII 500 or AVIII HD 600. Deuterated
solvents were purchased from Sigma-Aldrich and used without purification. NMR
spectra are recorded at 298 K, unless otherwise specified. NMR spectra are referenced to
the residual solvent peak for '"H and *C spectra, while YF NMR spectra are referenced
relative to CFCls in CDCls. Coupling constants, ], are reported in Hz to the nearest 0.1
Hz. Unless otherwise stated, *C spectra are 'H decoupled. The following abbreviations
are used to describe peak multiplicities: s = singlet, d = doublet, t = triplet, = quartet,
sext = sextet, sept = septet, m = multiplet). Determination of absolute stereochemistry by
comparison of the optical rotation value and chromatographic data for compound 2a

with reported literature values.3]

4.4.2. Optimisation of reaction conditions

a) Screening of the Solvent

General procedure: In a 1.75 mL screw-capped vial equipped with a magnetic stirring

bar were added, 2-bromo-1-(4-bromophenyl)propan-1-one rac-1a (14.5 mg, 0.05 mmol, 1
equiv), pre-ground potassium fluoride (14.5 mg, 5 equiv.), (S)-3a (4.2 mg, 0.005 mmol,
0.1 equiv.), PPh+'T- (2.3 mg, 0.005 mmol, 0.1 equiv) and the selected solvent (0.25 M). The
vial was sealed, and the reaction was stirred at 1200 rpm for 18 h at 25°C. The crude
reaction was filtered over celite and the solvent removed under reduced pressure.
Samples were dissolved in CDCls and analysed by 'H and F NMR using 4-fluoroanisole
as an internal standard. e.r. was determined by HPLC analysis using a chiral stationary
phase (see Table 44).

224



CHAPTER 4

b) Screening of the bis-urea catalyst

General procedure: In a 1.75 mL screw-capped vial equipped with a magnetic stirring

bar were added, 2-bromo-1-(4-bromophenyl)propan-1-one (14.5 mg, 0.05 mmol, 1
equiv,), pre-ground potassium fluoride (14.5 mg, 5 equiv.), the selected urea catalyst
(0.005 mmol, 0.1 equiv PPhs+'T (2.3 mg, 0.005 mmol, 0.1 equiv), and ACN (0.25 M). The
vial was sealed, and reaction was stirred at 1200 rpm for 18 h at 25°C. The crude reaction
was filtered over celite and the solvent removed under reduced pressure. Samples were
dissolved in CDCls and analysed by 'H and F NMR using 4-fluoroanisole as an internal
standard. e.r. was determined by HPLC analysis using a chiral stationary phase. (see
Figure 133, Table 45). Urea catalysts have already been synthesised by the group in

accordance with the procedure in the literature(2°42%302],

¢) Screening of the onium salt

General procedure: In a 1.75 mL screw-capped vial equipped with a magnetic stirring
bar were added, 2-bromo-1-(4-bromophenyl)propan-1-one (14.5 mg, 0.05 mmol, 1
equiv,), pre-ground potassium fluoride (14.5 mg, 5 equiv.), (S)-3¢ (7 mg, 0.005 mmol, 0.1
equiv.), the selected co-catalyst (0.005 mmol, 0.1 equiv) and ACN (0.25 M). The vial was
sealed, and reaction was stirred at 1200 rpm for 18 h at 25°C or 60°C. The crude reaction
was filtered over celite and the solvent removed under reduced pressure. Samples were
dissolved in CDCls and analysed by 'H and '’F NMR using 4-fluoroanisole as an internal
standard. e.r. was determined by HPLC analysis using a chiral stationary phase (see
Figure 134, Table 46).

4.4.3. Control experiments
CFs

o (S)-3¢ (0-10 mol%) o)

F3C
o CF3
EtN'I" (0-10 mol%) OO U A7
KF or CsF (5 equiv) Y H ” FiC
Br ACN (0.25 M F
Br ¢ ) Br

T, 18 h, 1200 rpm F3C

o
rac-1a (S)-2a OO NIN ‘\
CFs
FCA )

CF;

(S)-3¢
In a 1.75 mL screw-capped vial equipped with a magnetic stirring bar were added, 2-
bromo-1-(4-bromophenyl)propan-1-one (14.5 mg, 0.05 mmol, 1 equiv,), pre-ground
potassium or cesium fluoride (5 equiv.), (5)-3¢ (7 mg, 0.005 mmol, 0.1 equiv.) if present,
EtaN*I (1.3 mg, 0.005 mmo], 0.1 equiv) if present and ACN (0.25 M). The vial was sealed,
and reaction was stirred at 1200 rpm at 25°C or 60°C for 18h. The crude reaction was
filtered over celite and the solvent removed under reduced pressure. Samples were
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dissolved in CDCls and analysed by 'H and ’F NMR using 4-fluoroanisole as an internal

standard. e.r. was determined by HPLC analysis using a chiral stationary phase.

Table 48. Control experiments.

Entry T (°C) Urea (mol%) MF NEt I 2a(%)? la (%) erp
1 25 10 KF 10 60 40 92:8
2 25 0 KF 0 0 100 nd
3 25 10 KF 0 30 70 92:8
4 25 0 KF 10 5 95 55:45
5 60 10 KF 10 100 0 86:14
6 60 10 KF 0 100 0 86:14
7 60 0 KF 10 48 52 50:50
8 25 10 CsF 0 100 / 50:50
9 25 0 CsF 0 50 50 50:50

aYjeld determined by F NMR using 4-fluoroanisole as internal standard, be.r. was determined by HPLC analysis using
a chiral stationary phase.

4.4.4. Time course experiments

0 (S)-3c (10 mol%)
Et;N*I" (10 mol%)
KF (5 equiv)

Br ACN (0.25 M), 25°C
1-24h, 1200 rpm

Table 49. Time course experiments.

Entry Time (h) 2a ee® 2avyield (%)? la ee®
1 1 84 6.1 0
2 2 86 9.5 1
3 4 83 15 4
4 6 84 18.8 4
5 8 83 25.7 6
6 24 84 65.2 12

General conditions: 1a (0.05 mmol), (S)-3¢ (10 mol%), EtsN*I-and KF (5 equiv.) in 200 pL of ACN stirred at 1200 rpm
2Determined by 'H and/or F NMR using 4-fluoroanisole as internal standard, e.e. was determined by HPLC analysis
using a chiral stationary phase.
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Chart 1. Monitoring of the enantiomeric excess of 1a and 2a and yield of 2a over time.
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4.4.5. Substrate synthesis and Characterisation

General Procedure A

)CJ)V Br, 0

R, ——— R

Ri DCM, rt R1)J\/ 2
Br

According to the procedure described in the literaturel®?l, bromine (2.5 mmol, 1 equiv)
was added dropwise under inert atmosphere to a solution of ketone (1 equiv) in dry
DCM (0.1 M) at 0°C. The solution was stirred at room temperature for 18 h and then a
saturated aqueous solution of Na25:0s was slowly added.

The aqueous layer was extracted with DCM (20 mL x 3), the collected organic layers were
dried over anhydrous Na:SOs and concentrated under reduced pressure. Finally, the
crude was purified by FCC.

Ketones precursors rac-1la (CAS: 2114-00-3), rac-1e (CAS: 345-94-8), rac-1f (CAS: 877-37-
2), rac-1g (CAS: 100679-76-3), rac-1h (CAS: 1451-82-7), rac-1i (CAS 21086-33-9) were

commercially available.
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2-bromo-1-(4-nitrophenyl)propan-1-one (rac-1b)
0 The compound rac-1b was prepared according to the general

procedure A. The product was isolated by FCC (eluent:
Br  pentane/DCM, 60/40) as a yellow solid in 86% yield.

"H NMR (400 MHz, CDCls) 6 = 8.37 — 8.29 (m, 2H), 8.22 — 8.14 (m,

2H), 5.26 (q, ] = 6.6 Hz, 1H), 1.94 (d, ] = 6.6 Hz, 3H).8.35-8.31 (m,
2H); *C NMR (101 MHz, CDCls) d = 191.66, 150.52, 138.79, 130.00, 123.90, 41.41, 19.77;
HRMS (EI) m/z calculated for CisH16BrO (M)* 303.0379, found 303.0377.

O5N
rac-1b

2-bromo-1-(4-(trifluoromethyl)phenyl)propan-1-one (rac-1c)

o The compound rac-lc was prepared according to the general
procedure A. The product was isolated by FCC (eluent:
Br pentane/DCM, 70/30) as a white solid in 91% yield. Spectroscopic
FaC data are in accordance with those in literaturel®.,

rac-1e H NMR (400 MHz, CDCl3) & = 8.17-8.09 (m, 2H), 7.79 — 7.72 (m, 2H),
5.26 (q, ] =6.6 Hz, 1H), 1.93 (d, ] = 6.6 Hz, 3H); YF NMR (376 MHz, CDCls) 0= -63.24; 1°C
NMR (101 MHz, CDCls) & = 192.28, 136.88, 134.87 (q, ]=32.8 Hz) 129.29, 125.80 (q ] = 3.7

Hz), 123.47, (q, ] =272.8 Hz), 41.34, 19.87.

4-(2-bromopropanoyl)benzonitrile (rac-1d)
O The compound rac-1d was prepared according to the general
procedure A. The product was isolated by FCC (eluent:
Br Pentane/DCM, 60/40) as a white solid in 85% yield.
'"H NMR (400 MHz, CDCls) 6 = 8.15 - 8.08 (m, 2H), 7.81 - 7.78 (m,
2H), 5.23 (q, ] = 6.6 Hz, 1H), 1.92 (dd, ] = 6.5, 1.7 Hz, 3H); *C NMR
(101 MHz, CDCls) 0= 191.86, 137.25, 132.54, 129.35, 117.76, 116.85, 41.20, 19.78.

NC
rac-1d

1-([1,1'-biphenyl]-4-y])-2-bromobutan-1-one (rac-1j)
The compound rac-1j was prepared according to the general

0]
procedure A. The product was isolated by FCC (eluent:
Br Pentane/DCM, 80/20) as a pale-yellow solid in 87% yield.
O 'H NMR (400 MHz, CDCls) o =8.12 - 8.09 (m, 2H), 7.73 - 7.70
1j

rac-1j (m, 2H), 7.65 - 7.62 (m, 2H), 7.51 — 7.39 (m, 2H), 7.48 — 7.37 (m,
1H), 5.11 (dd, ] = 7.7, 6.4 Hz, 1H), 2.34 — 2.12 (m, 2H), 1.11 (t, ] = 7.3 Hz, 3H); *C NMR
(101 MHz, CDCls) d= 192.82, 146.39, 139.69, 133.19, 129.48, 129.01, 128.42, 127.42, 127.31,
49.15, 26.96, 12.24.; HRMS (EI) m/z calculated for CisHisBrO (M)* 303.0379, found
303.0377.
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2-bromo-1-(thiophen-2-yl)propan-1-one (rac-1k)

0 The compound rac-1k was prepared according to the general procedure

S ] A. The product was obtained as a brownish solid without further

\ Br purification (y=97%). Spectroscopic data are in accordance with those in
rac-1k literaturel3%],

TH NMR (400 MHz, CDCls) 7.84 (dd, ] =3.8, 1.1 Hz, 1H), 7.70 (dd, ] = 4.9,
1.1 Hz, 1H), 7.16 (dd, ] =4.9, 3.9 Hz, 1H), 5.14 (q, ] = 6.7 Hz, 1H), 1.90 (d, ] = 6.7 Hz, 3H);
13C NMR (101 MHz, CDCI3) 6= 186.84, 140.90, 134.89, 133.09, 128.31, 42.45, 20.36; HRMS
(EI) m/z calculated for C;HsBrOS (M)* 218.9474, found 218.9473.

2-bromo-1-(6-(dimethylamino)naphthalen-2-yl)propan-1-one (rac-1m)
0 The compound rac-1Im was prepared according to the general
/“)J\( procedure A. The product was isolated by FCC (eluent:
~N OO Br  Pentane/Et:0, 90/10) as a yellow solid in 78% yield.
| '"H NMR (400 MHz, CDCls) 8 =8.47 (d, ] =1.9 Hz, 1H), 8.35 (d,
rac-1m J=9.0Hz, 1H), 8.10 (dd, J =9.0, 1.8 Hz, 1H), 7.90 (d, ] =8.8 Hz,
1H), 7.47 (d, ] = 23.2 Hz, 1H), 5.43 (q, ] = 6.6 Hz, 1H), 3.00 (s, 6H), 1.96 (d, ] = 6.6 Hz, 3H);

13C NMR (101 MHz, CDCls) d = 191.79, 135.06, 129.63, 129.19, 126.46, 124.99, 119.99,
114.77, 43.28, 42.75, 40.57, 19.17.

2-bromo-4-chloro-1-(4-fluorophenyl)butan-1-one (rac-1p)
o The compound rac-1p was prepared according to the general

Cl procedure A. The product was isolated by FCC (eluent:

Pentane/DCM, 90/10) as a white solid in 73% yield.

'H NMR (400 MHz, CDCls) 8.12 — 8.03 (m, 2H), 7.23 — 7.13 (m,

2H), 5.43 (dd, ] =8.1, 5.8 Hz, 1H), 3.88 - 3.71 (m, 2H), 2.65 — 2.48
(m, 2H); F NMR (376 MHz, CDCls) &= -103.16 —-103.24 (m); *C NMR (101 MHz, CDCls)
0 =190.96, 166.20 (d, | = 256.8 Hz), 131.77 (d, ] = 9.5 Hz), 130.38 (d, ] = 3.0 Hz), 116.11 (d,
J =22.0 Hz), 43.50, 42.35, 35.65.

Br

rac-1p

General Procedure B

1) 2)
j\ EtMgBr OH NBS Q
Ry H THF (0.1M) R1)\( 1,4-dioxane R1)J\(
-10°C - 25°C 60°C Br

1B) Following the procedure described in the literature®®, the aldehyde (2.5 mmol, 1
equiv) was dissolved in dry THF (0.1 M) under an inert atmosphere, followed by the
Grignard addition at -10°C. The reaction was stirred at room temperature and monitored
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by TLC. When the aldehyde was fully consumed, the reaction was quenched with
saturated NH4Cl solution. The aqueous layer was extracted with Et2O (15 mL x 3) and
the collected organic phase was washed with brine and dried with MgSOa. The solvent
was removed under vacuum.

2B) To obtain the desired a-bromo ketone, the corresponding alcohol synthesised in the
previous step, was dissolved in 1,4-dioxane (0.125 M). NBS (2 equiv) was added and the
reaction was stirred at 60°C. The reaction was monitored by TLC and quenched with a
slowly added saturated aqueous solution of Na:5:0s.

The aqueous layer was extracted with Et2O (15 mL x 3), the collected organic layers were
washed with brine and dried with MgSOs. The solvent was removed under vacuum and
the crude was purified by FCC.

1-(5-phenylthiophen-2-yl)propan-1-ol (rac-41)

OH The compound rac-41 was prepared according to the procedure

S 1B as a pale-yellow solid.

\ "HNMR (600 MHz, CDCls) 6=7.55-7.43 (m, 2H), 7.34 - 7.23 (m,
2H), 7.20 - 7.14 (m, 1H), 7.08 (d, ] = 3.6 Hz, 1H), 6.85 (dd, ] = 3.6,
0.7 Hz, 1H), 4.74 (t, ] = 6.6 Hz, 1H), 2.05 (bs, 1H), 1.92 - 1.73 (m,
2H), 0.92 (t, ] =7.4 Hz, 3H); *C NMR (151 MHz, CDCls) d = 147.00, 142.42, 133.40, 127.84,
126.40, 124.65, 123.74, 121.48, 70.92, 31.06, 9.13.

rac-4l

1-(4-fluoronaphthalen-1-yl) propan-1-ol (rac-4n)

The compound rac-4n was prepared according to the procedure 1B as a

HO white solid.

"H NMR (600 MHz, CDCls) d = 8.16 —8.13 (m, 2H), 7.59 — 7.54 (m, 3H), 7.13
OO (dd, J=10.2, 8.0 Hz, 1H), 5.35 (dd, ] = 7.6, 5.1 Hz, 1H), 2.04 - 1.89 (m, 2H),
1.02 (t, ] = 7.4 Hz, 3H); “F NMR (565 MHz, CDCl) 6 = -124 (m); *C NMR
(151 MHz, CDCls) d = 157.27 (d, ] = 251.5 Hz), 134.99 (d, ] = 4.4 Hz), 130.80
(d,J=4.4Hz), 125.85,124.81 (d, ] =2.8 Hz), 122.89 (d, ] = 16.0 Hz), 122.27 (d,
J=2.8Hz), 121.94 (d, ] = 8.3 Hz), 120.27 (d, ] = 6.1 Hz), 107.72 (d, ] =19.8 Hz), 71.32, 30.11,
9.46.

F

rac-4n

1-(naphthalen-1-yl)propan-1-ol (rac-40)
The compound rac-40 was prepared according to the procedure 1B as a
HO colourless oil. Spectroscopic data are in accordance with those in
literaturel®"7.
OO "H NMR (400 MHz, CDCls) d = 8.17 — 8.08 (m, 1H), 7.93 - 7.84 (m, 1H), 7.79
(dt, ]=8.2,1.1 Hz, 1H), 7.64 (dt, ] =7.1, 1.0 Hz, 1H), 7.57 - 7.43 (m, 3H), 5.40
rac-4o  (td, ]=6.0,2.1 Hz, 1H), 2.05-2.02 (m, 1H), 2.03 - 1.87 (m, 2H), 1.04 (t, | =7.4
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Hz, 3H); ®C NMR (101 MHz, CDCI3) d = 140.4, 134.0, 130.6, 129.0, 128.0, 126.1, 125.6,
125.5,123.4,123.0, 72.7, 31.2, 10.7.

2-bromo-1-(5-phenylthiophen-2-yl)propan-1-one (rac-11)

o The compound rac-11 was prepared according to the procedure

S 2B from rac-4l. The product was isolated by FCC (eluent:
\ | B Pentane/DCM, 70/30) as a yellow solid in 71% yield.

"HNMR (400 MHz, CDCls) =781 (d, ] =4.0 Hz, 1H), 7.69 - 7.63

rac-1l (m, 2H), 7.48 - 7.36 (m, 3H), 7.35 (d, ] =4.1 Hz, 1H), 5.15 (q, ] =

6.7 Hz, 1H), 1.91 (d, ] = 6.7 Hz, 3H); *C NMR (101 MHz, CDCls) 8 =186.62, 154.01; HRMS
(EI) m/z calculated for CisH12BrOS (M)* 294.9787, found 294.9785.

2-bromo-1-(4-fluoronaphthalen-1-yl)propan-1-one (rac-1n)
The compound rac-In was prepared according to the procedure 2B
Br from rac-4n. The product was isolated by FCC (eluent: Pentane/DCM,

70/30) as a white solid in 86% yield.
OO 'H NMR (600 MHz, CDCls) 6 = 8.58 (m, 1H), 8.21 — 8.15 (m, 1H), 7.91

(dd, J=8.1, 5.2 Hz, 1H), 7.69 (ddd, ] = 8.5, 6.8, 1.4 Hz, 1H), 7.63 (ddd, ]
=8.1, 6.8, 1.1 Hz, 1H), 7.17 (dd, ] =9.7, 8.1 Hz, 1H), 5.36 (q, ] = 6.6 Hz,
1H), 1.97 (d, ] = 6.6 Hz, 3H); F NMR (565 MHz, CDCls) o = - 131.46
(m); *C NMR (151 MHz, CDCls) d =195.34, 161.46 (d, ] =260.7 Hz), 133.08 (d, ] = 5.5 Hz),
129.62 (d, ] =4.5Hz), 129.28, 128.09 (d, ] =10.0 Hz), 127.11 (d,] =2.2 Hz), 125.89 (d, ] = 2.7
Hz), 124.25 (d, ] = 15.9 Hz), 120.87 (d, ] = 6.3 Hz), 108.13 (d, ] = 21.3 Hz), 45.04, 20.51;
HRMS (EI) m/z calculated for CisH11BrFO (M)* 280.9972, found 280.9969.

o)

F

rac-1n

2-bromo-1-(naphthalen-1-yl)propan-1-one (rac-10)
The compound rac-1o was prepared according to the procedure 2B

0 Br from rac-40. The product was isolated by FCC (eluent: Pentane/DCM,

80/20) as a white solid in 84% yield. Spectroscopic data are in
OO accordance with those in literature!*!

'H NMR (400 MHz, CDCls) 6 = 8.44 (dq, ] = 8.6, 0.9 Hz, 1H), 8.02 (dt, J

rac-1o =8.2,1.1 Hz, 1H), 7.93 - 7.83 (m, 2H), 7.67 — 7.46 (m, 3H), 5.37 (q,] = 6.7

Hz, 1H), 1.98 (d, ] = 6.7 Hz, 3H); *C NMR (101 MHz, CDCls) d = 196.68, 133.95, 133.84,

133.16, 130.90, 128.47, 128.16, 126.73, 126.68, 125.64, 124.21, 45.59, 20.51; HRMS (EI) m/z
calculated for CisH12BrO (M)* 263.0066, found 263.0065.
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4.4.6. General procedure for enantioselective fluorination and Characterisation

CF3

FsC ’

CF;
o)
o (S)-3¢ (10 mol%) o OO g i 7
Et,N*I" (10 mol%) N~ N F.C
R . R H H 3
Ar KF (5 equiv.) Ar - \
Br ACN (0.25-0.5M) E N H FsC
5°C - 40°C, 96h, hif
1200 rpm OO o Dy N
rac-1a-p (S)-2a-p CF,
FsC
CF,

(S)-3¢
The selected substrate (0.4 mmol, 1 equiv), pre-ground potassium fluoride (116 mg, 2
mmol, 5 equiv), (5)-3¢ (56 mg, 0.04 mmol, 0.1 equiv), EtsaN*T (11 mg, 0.04 mmol, 0.1 equiv)
and ACN (0.25-0.5 M) were added sequentially to a 7 mL screw-capped vial equipped
with a magnetic stirring rod. The vial was sealed, and the reaction was stirred at 1200
rpm at the appropriate temperature for 96 h. The crude reaction was filtered over celite,

solvent removed under reduced pressure and purified by FCC to give the product.

(S)-1-(4-bromophenyl)-2-fluoropropan-1-one (2a)
) (5)-2a was prepared according to the General Procedure starting from
' the substrate rac-1a (117 mg). The reaction was let stirring in ACN
Br F (0.5 M) at 5°C at 1200 rpm for 96 h. After filtration over celite to
remove KF, the product was isolated by FCC (eluent: Pentane/DCM,
(S)-2a 70/30) as a colourless oil in 65% yield, 60 mg, 95:5 e.r. (the product is
highly volatile).
H NMR (600 MHz, CDCls) & =7.90 — 7.82 (m, 2H), 7.67 — 7.60 (m, 2H), 5.62 (dq, ] =48.5,
6.8 Hz, 1H), 1.66 (dd, ] =24.1, 6.8 Hz, 3H); “F NMR (565 MHz, CDCls) d =-180.50 (m); *C
NMR (151 MHz, CDCls) 6=196.3 (d, Jcr=20.4 Hz), 132.9 (d, Jcr=2.2 Hz), 132.2, 130.7 (d,
Jer=5.0 Hz), 129.3, 90.8 (d, Jcr =180.5 Hz), 18.3 (d, Jcr = 22.6 Hz);
HRMS (EI) m/z calculated for CoHsBrFO (M)* 230.9815, found 230.9815; HPLC
separation: DAICEL CHIRALPAK® ID-3, Heptane: IPA = 99.2:0.8 mL/min; t1 = 5.0
(major), t>=25.4 (minor).

(S)-2-fluoro-1-(4-nitrophenyl)propan-1-one (2b)

o (S)-2b was prepared according to the General Procedure starting from
/©)J\i/ the substrate rac-1b (103 mg). The reaction was let stirring in ACN
O,N F (0.5M) at 5°C at 1200 rpm for 96 h. After filtration over celite to
(S)- 2b remove KF, the product was isolated by FCC (eluent: Pentane/DCM,

70/30) as a yellow solid in 91% yield, 72 mg, 91:9 e.r.
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H NMR (600 MHz, CDCls) d = 8.36 — 8.31 (m, 2H), 8.19 — 8.14 (m, 2H), 5.64 (dq, ] = 48.3,
6.8 Hz, 1H), 1.70 (dd, ] = 24.1, 6.8 Hz, 3H); “F NMR (565 MHz, CDCL3) d = - 181.73 (m);
13C NMR (151 MHz, CDCL:) & =195.98 (d, ] = 21.6 Hz), 150.55, 138.68 (d, ] = 2.2 Hz), 130.26
(d, J = 5.0 Hz), 123.82, 91.03 (d, J = 180.9 Hz), 17.90 (d, ] = 22.5 Hz); HPLC separation:
DAICEL CHIRALPAK® ID-3, Heptane: IPA = 99.2:0.8 mL/min; ti = 15.7(major), t-= 22.8

(minor).

(S)-2-fluoro-1-(4-(trifluoromethyl) phenyl) propan-1-one (2c)

) (5)-2c was prepared according to the General Procedure starting
from the substrate rac-1c (112 mg). The reaction was let stirring in
F ACN (0.5 M) at 5°C at 1200 rpm for 96 h. After filtration over celite

to remove KF, the product was isolated by FCC (eluent:

Pentane/DCM, 70/30) as a white solid in 78% yield, 69 mg, 92:8 e.r.
'H NMR (600 MHz, CDCls) 6 =8.10 (m, 2H), 7.79 - 7.72 (m, 2H), 5.66 (dq, ] =48.4, 6.8 Hz,
1H), 1.68 (dd, J =24.1, 6.8 Hz, 3H); “F NMR (565 MHz, CDCls) & =-63.32 (s), -180.72,(m);
BC NMR (151 MHz, CDCls) 0 = 196.32 (d, ] = 20.9 Hz), 136.81, 134.92 (q, ] = 32.8 Hz),
129.46 (d, ] =4.4 Hz), 125.72 (q, ] =3.9 Hz), 123.45 (q, ] = 272.7 Hz), 90.77 (d, ] = 180.6 Hz),
18.02 (d, ] = 22.4 Hz); HPLC separation: DAICEL CHIRALPAK® ID-3, Heptane: IPA =
99.5:0.5 mL/min; t1=4.0 (major), t2= 4.6 (minor).

FsC
(S)-2¢

(5)-4-(2-fluoropropanoyl)benzonitrile (2d)

0] (S)-2d was prepared according to the General Procedure starting from
the substrate rac-1d (95 mg). The reaction was let stirring in ACN
F (0.5 M) at 5°C at 1200 rpm for 96 h. After filtration over celite to
remove KF, the product was isolated by FCC (eluent: Pentane/DCM,
70/30) as a white solid in 86% yield, 61 mg, 93:7 e.r.

'H NMR (600 MHz, CDCls) 6 = 8.11 - 8.05 (m, 2H), 7.81 — 7.75 (m, 2H), 5.63 (dq, ] = 48.3,
6.8 Hz, 1H), 1.67 (dd, ] =24.1, 6.8 Hz, 3H); ); “F NMR (565 MHz, CDCls) d = -180.54 (m);
3C NMR (151 MHz, CDCls) =196.08 (d, ] =21.4 Hz), 137.16 (d, ] =2.2 Hz), 132.48, 129.57
(d,J=4.6 Hz), 117.34 (d, ] = 123.3 Hz), 90.90 (d, ] = 180.9 Hz), 17.93 (d, ] =22.3 Hz); HPLC
separation: DAICEL CHIRALPAK® ID-3, Heptane: IPA = 99.2:0.8 mL/min; t1 = 20.6

(major), t>=25.4 (minor).

NC
(S)-2d
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(S)-2-fluoro-1-(4-fluorophenyl) propan-1-one (2e)
o (5)-2e was prepared according to the General Procedure starting from
the substrate rac-1e (92 mg). The reaction was let stirring in ACN (0.5
F M) at 5°C at 1200 rpm for 96 h. After filtration over celite to remove
KF, the product was isolated by FCC (eluent: Pentane/DCM, 70/30) as
(S)-2e a white solid in 55% yield, 37 mg, 96:4 e.r. (the product is highly

volatile).

H NMR (600 MHz, CDCls) 6 = 8.08 - 8.01 (m, 2H), 7.20 — 7.12 (m, 2H), 5.63 (dq, ] = 48.6,
6.8 Hz, 1H), 1.66 (dd, ] =24.1, 6.8 Hz, 3H); “F NMR (565 MHz, CDCls) 6 =-103.55 (m), -
180.17 (m); BC NMR (151 MHz, CDCls)  =194.40 (d, ] =20.0 Hz), 165.02 (d, ] = 256.1 Hz),
130.84 (dd, J =9.4, 4.6 Hz), 129.41 (t, ] =2.7 Hz), 114.91 (d, ] =22.0 Hz), 89.59 (d, ] = 180.3
Hz), 17.22 (d, ] = 22.6 Hz); HRMS (EI) m/z calculated for CoHoF.O (M) 171.0616, found
171.0617; HPLC separation: DAICEL CHIRALPAK® ID-3, Heptane: IPA = 99.8:0.2

mL/min; t1=8.2 (major), t>=10.0 (minor).

(S)-1-(4-chlorophenyl)-2-fluoropropan-1-one (2f)
) (S)-2f was prepared according to the General Procedure starting from
. the substrate rac-1f (99 mg). The reaction was let stirring in ACN (0.5
ol F M) at 5°C at 1200 rpm for 96 h. After filtration over celite to remove
KF, the product was isolated by FCC (eluent: Pentane/DCM, 70/30)
(S)-2f as a white solid 68% yield, 48 mg, 95:5 e.r. (the product is highly
volatile).
H NMR (600 MHz, CDCls) & =7.97 — 7.91 (m, 2H), 7.49 — 7.43 (m, 2H), 5.63 (dq, ] = 48.6,
6.8 Hz, 1H), 1.66 (dd, ] =24.1, 6.8 Hz, 3H); “F NMR (565 MHz, CDCls) 6 =-180.46 (m); 3C
NMR (151 MHz, CDCls) o = 195.87 (d, ] = 20.3 Hz), 140.32, 132.33 (d, ] = 2.4 Hz), 130.51
(d, ] = 4.4 Hz), 129.08, 90.61 (d, ] = 180.5 Hz), 18.21 (d, ] = 22.6 Hz); HRMS (ESI*) m/z
calculated for CoHoCIFO (M+H)*187.0321, found 187.0554.

(S)-2-fluoro-1-phenylpropan-1-one (2g)
o) (5)-2g was prepared according to the General Procedure starting from the
substrate rac-1g (85 mg). The reaction was let stirring in ACN (0.5 M) at
f: 25°C at 1200 rpm for 96 h. After filtration over celite to remove KF, the
product was isolated by FCC (eluent: Pentane/DCM, 80/20) as a
(S)-29 colourless oil 91% yield, 55 mg, 90:10 e.r. ((the product is highly

volatile).

'H NMR (600 MHz, CDCls) 6 = 8.00 — 7.95 (m, 2H), 7.62 — 7.58 (m, 1H), 7.52 — 7.46 (m,
2H), 5.71 (dq, ] = 48.6, 6.8 Hz, 1H), 1.67 (dd, J = 24.0, 6.8 Hz, 3H); “F NMR (565 MHz,
CDCls) © = -181.41 (m); *C NMR (151 MHz, CDCl) o =196.92 (d, ] = 19.4 Hz), 137.78,
128.96 (d, ] = 3.8 Hz), 128.73, 90.28 (d, ] = 180.2 Hz), 18.37 (d, ] = 22.6 Hz); HRMS (EI) m/z
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calculated for CoHoFO (M)* 153.0710, found 153.0711 00; HPLC separation: DAICEL
CHIRALPAK® ID-3, Heptane: IPA = 99.2:0.8 mL/min; t1=4.7 (major), t>= 5.3 (minor).

(5)-2-fluoro-1-(p-tolyl) propan-1-one (2h)
) (S)-2h was prepared according to the General Procedure starting from
the substrate rac-1h (91 mg). The reaction was let stirring in ACN
F (0.5 M) at 25°C at 1200 rpm for 96 h. After filtration over celite to
remove KF, the product was isolated by FCC (eluent: Pentane/DCM,
80/20) as a colourless o0il 83% yield, 55 mg, 92:8 e.r. TH NMR (600
MHz, CDCls) & =7.88 (d, ] = 8.1 Hz, 2H), 7.31 - 7.26 (m, 2H), 5.69 (dq, ] = 48.7, 6.8 Hz,
1H), 2.43 (s, 3H), 1.66 (dd, ] = 24.0, 6.8 Hz, 3H); F NMR (565 MHz, CDCl;s) d = -181.32
(m); ®C NMR (151 MHz, CDClIs) & =196.6 (d, Jcr =19.3 Hz), 144.9, 131.6, 129.6, 129.2 (d,
Jer = 3.9 Hz), 904 (d, Jer = 179.9 Hz), 21.9, 18.6 (d, Jcr = 23.1 Hz); HRMS (EI) m/z
calculated for CiwH2FO (M)* 167.0867, found 167.0867; HPLC separation: DAICEL
CHIRALPAK® ID-3, Heptane: IPA = 99.2:0.8 mL/min; t1 =5.9 (major), t= 6.6 (minor).

Me
(S)-2h

(S)-2-fluoro-1-(4-methoxyphenyl)propan-1-one (2i)
0] (S)-2i was prepared according to the General Procedure starting
from the substrate rac-1i (97 mg). The reaction was let stirring in
F ACN (0.5 M) at 25°C at 1200 rpm for 96 h. After filtration over
celite to remove KF, the product was isolated by FCC (eluent:

(5)-2i Pentane/DCM, 70/30) as a white solid 90% yield, 65 mg, 92:8 e.r.

H NMR (600 MHz, CDCls) d =8.03 — 7.95 (m, 2H), 7.01 — 6.90 (m, 2H), 5.65 (dq, ] =48.8,
6.8 Hz, 1H), 3.88 (s, 3H), 1.65 (dd, ] = 24.2, 6.8 Hz, 3H). “F NMR (565 MHz, CDCls) 0 = -
180.44 (m); 3C NMR (151 MHz, CDCls) 6 =195.30 (d, ] = 19.6 Hz), 163.99, 131.40 (d, ] =
4.0 Hz), 126.93, 113.95, 90.35 (d, ] = 179.6 Hz), 55.53, 18.53 (d, ] = 22.7 Hz); HRMS (EI) m/z
calculated for CioH2FO2 (M)* 183.0816, found 183.0816; HPLC separation: DAICEL
CHIRALPAK® ID-3, Heptane: IPA = 99.5:0.5 mL/min; t1=21.2 (major), t>=23.7 (minor).

MeO

(S)-1-([1,1'-biphenyl]-4-yl)-2-fluorobutan-1-one (2j)

(5)-2j was prepared according to the General Procedure starting
from the substrate rac-1j (121 mg). The reaction was let stirring
in ACN (0.5 M) at 40°C at 1200 rpm for 96 h. After filtration
over celite to remove KF, the product was isolated by FCC
(eluent: Pentane/DCM, 80/20) as a white solid, 83% yield, 80
mg, 92:8 e.1.

H NMR (600 MHz, CDCls) 6 = 8.08 — 8.04 (m, 2H), 7.73 - 7.68 (m, 2H), 7.65 — 7.62 (m,
2H), 7.51 — 7.45 (m, 2H), 7.45 - 7.39 (m, 1H), 5.54 (ddd, ] =49.3, 7.8, 4.5 Hz, 1H), 2.16 -
1.96 (m, 2H), 1.11 (t, ] = 7.4 Hz, 3H). “F NMR (565 MHz, CDCls) & =-190.52 (m); 3C NMR
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(151 MHz, CDCls) 8 =196.41 (d, ] = 19.7 Hz), 146.42, 139.68, 133.09 (d, ] = 1.4 Hz), 129.51
(d, ] =3.9 Hz), 129.01, 128.43, 127.32 (d, ] = 6.6 Hz), 95.00 (d, ] = 183.6 Hz), 26.19 (d, ] =
21.5Hz),9.14 (d, ] =4.5 Hz); HRMS (EI) m/z calculated for CisH1sFO (M)*243.1180, found
243.1180; HPLC separation: DAICEL CHIRALPAK® ID-3, Heptane: IPA = 99.2:0.8

mL/min; t1=16 (major), tz=19.2 (minor).

(5)-2-fluoro-1-(thiophen-2-yl)propan-1-one (2k)

O (5)-2k was prepared according to the General Procedure starting from the

S _ substrate rac-1k (87.6 mg). The reaction was let stirring in ACN (0.5 M) at
\ / |§ 25°C at 1200 rpm for 96 h. After filtration over celite to remove KF, the
(S)-2k product was isolated by FCC (eluent: Pentane/DCM, 80/20) as a pale-

yellow oil, 60% yield, 38 mg, 88:12 e.r.

H NMR (600 MHz, CDCls) 8=7.97 (dt, ] =3.9, 1.3 Hz, 1H), 7.74 (dd, ] =4.9, 1.1 Hz, 1H),
7.18 (dd, ] =4.9, 3.9 Hz, 1H), 5.43 (dq, ] =49.1, 6.8 Hz, 1H), 1.68 (dd, ] = 24.3, 6.8 Hz, 3H);
F NMR (565 MHz, CDCls) 6 =-179.39 (m); 3C NMR (151 MHz, CDCls) 5 =190.63 (d, ] =
22.0 Hz), 139.98 (d, ] = 3.3 Hz), 135.08 (d, ] =2.3 Hz), 134.23 (d, ] = 8.6 Hz), 128.40 (d, ] =
2.0 Hz), 91.83 (d, ] = 182.3 Hz), 18.82 (d, ] = 22.5 Hz); HRMS (EI) m/z calculated for
C/HsFOS (M)* 159.0274, found 159.0274; HPLC separation: DAICEL CHIRALPAK® ID-
3, Heptane: IPA = 99.2:0.8 mL/min; t1= 6.4 (major), tz= 7.6 (minor).

(S)-2-fluoro-1-(5-phenylthiophen-2-yl)propan-1-one (21)
o (5)-21 was prepared according to the General Procedure starting
from the substrate rac-11 (118 mg). The reaction was let stirring in
F ACN (0.5 M) at 25°C at 1200 rpm for 96 h. After filtration over
(S)-21 celite to remove KF, the product was isolated by FCC (eluent:
Pentane/DCM, 80/20) as a yellow solid, 70% yield, 65.5 mg, 88:12
e.r.
'H NMR (600 MHz, CDCls) 6=7.94 (dd, ] =4.1, 1.5 Hz, 1H), 7.71 - 7.65 (m, 2H), 7.47 - 7.35
(m, 4H), 5.44 (dq, ] =49.1, 6.8 Hz, 1H), 1.70 (dd, ] =24.4, 6.8 Hz, 3H); F NMR (565 MHz,
CDCls) & =-179.28 (m); *C NMR (151 MHz, CDCls) 6 =190.39 (d, ] = 22.0 Hz), 154.09 (d,
J=2.5Hz),138.59 (d, ] =3.8 Hz), 135.37 (d, ] =9.0 Hz), 133.08, 129.33, 129.18, 126.43, 124.28
(d,J=2.0Hz), 91.94 (d, ] = 182.3 Hz), 18.91 (d, ] = 22.5 Hz); HRMS (EI) m/z calculated for
CisH12FOS (M)* 235.0587, found 235.0587; HPLC separation: DAICEL CHIRALPAK® IB-
3, Heptane: IPA =99:1 mL/min; t1=5.8 (major), tz="7.1 (minor).
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(5)-1-(6-(dimethylamino)naphthalen-2-yl)-2-fluoropropan-1-one (2m)
o) (5)-2m was prepared according to the General Procedure
. starting from the substrate rac-1m (122 mg). The reaction was
~N OO F o let stirring in ACN (0.5 M) at 25°C at 1200 rpm for 96 h. After
| filtration over celite to remove KF, the product was isolated by
(5)-2m FCC (eluent: Pentane/DCM, 70/30) as a yellow solid, 93%
yield, 91 mg, 91:9 e.r.
H NMR (600 MHz, CDCls) 8 =8.48 (d, ] =1.7 Hz, 1H), 8.36 (d, ] = 9.0 Hz, 1H), 8.07 (dd, ]
=9.0, 1.8 Hz, 1H), 7.91 (d, ] = 8.8 Hz, 1H), 7.45 (d, ] = 8.8 Hz, 1H), 5.83 (dq, ] =48.7, 6.8 Hz,
1H), 3.01 (s, 6H), 1.75 (dd, ] = 24.1, 6.8 Hz, 3H); “F NMR (565 MHz, CDCls) o = -180.47,
BC NMR (151 MHz, CDCls) 6 = 196.32 (d, ] = 19.4 Hz), 152.53, 136.17, 131.04 (d, ] =5.4
Hz), 130.21, 129.82 (d, ] =38.2 Hz), 127.40, 125.86 (d, ] =2.7 Hz), 121.01, 115.72, 90.59 (d, ]
=180.3 Hz), 44.25, 18.52 (d, J = 23.0 Hz); HRMS (EI) m/z calculated for CisHizZFNO (M)*
246.1289, found 246.1285; HPLC separation: DAICEL CHIRALPAK® ID-3, Heptane: IPA
=99:1 mL/min; t1=9.4 (major), tz=11.7 (minor).

(S)-2-fluoro-1-(4-fluoronaphthalen-1-yl)propan-1-one (2n)

(5)-2n was prepared according to the General Procedure starting from the
“F  substrate rac-1n (112 mg). The reaction was let stirring in ACN (0.5 M)

at 25°C at 1200 rpm for 96h. After filtration over celite to remove KEF, the

OO product was isolated by FCC (eluent: Pentane/DCM, 80/20) as a white
solid, 97% yield, 85 mg, 96:4 e.r.
'"H NMR (600 MHz, CDCls) 6 =8.59 (ddt, ] =8.7, 1.9, 0.9 Hz, 1H), 8.20 -
8.15 (m, 1H), 7.90 (ddd, ] =8.1, 5.4, 1.4 Hz, 1H), 7.68 (ddd, ] =8.5, 6.9, 1.4
Hz, 1H), 7.63 (ddd, ] =8.1, 6.8, 1.1 Hz, 1H), 7.18 (dd, ] =9.7, 8.1 Hz, 1H), 5.74 (dq, ] = 48.8,
6.9 Hz, 1H), 1.68 (dd, ] =23.6, 6.8 Hz, 3H); ¥F NMR (565 MHz, CDCls) 0 =-178.71 (m), -
113.26 (m); *C NMR (151 MHz, CDCls) 0 =199.44 (d, ] =20.3 Hz), 161.50 (d, ] = 260.8 Hz),
132.84 (d, ] =5.5 Hz), 129.52 (dd, ] = 10.1, 5.7 Hz), 129.31, 128.42 (d, ] = 4.4 Hz), 127.07 (d,
J=2.1Hz), 125,57 (d, ] =2.6 Hz), 124.27 (d, ] = 15.6 Hz), 120.93 (d, ] = 6.4 Hz), 108.17 (d, ]
= 21.0 Hz), 90.66 (d, ] = 182.7 Hz), 18.29 (d, ] = 22.6 Hz); HRMS (EI) m/z calculated for
CisHuF20 (M)* 221.0773, found 221.0772; HPLC separation: DAICEL CHIRALPAK® IF-
3, Heptane: IPA =99.2:0.8 mL/min; t1=7.0 (major), t>= 8.9 (minor).

(S)-2n
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(5)-2-fluoro-1-(naphthalen-1-yl)propan-1-one (20)
(5)-20 was prepared according to the General Procedure starting from the
“F substrate rac-10 (105 mg). The reaction was let stirring in ACN (0.5 M)
at 25°C at 1200 rpm for 96 h. After filtration over celite to remove KF, the
OO product was isolated by FCC (eluent: Pentane/DCM, 80/20) as a white
solid, 96% yield, 77 mg, 98:2 e.r.
(S)-20 H NMR (600 MHz, CDCls) o = 8.48 — 8.43 (m, 1H), 8.03 (dd, ] =8.2, 1.2
Hz, 1H), 7.90 (ddd, J=8.1, 1.4, 0.7 Hz, 1H), 7.84 (dt, ] = 7.2, 1.3 Hz, 1H), 7.61 (ddd, ] = 8.5,
6.8, 1.5 Hz, 1H), 7.56 (ddd, ] =8.1, 6.8, 1.2 Hz, 1H), 7.52 (dd, ] = 8.2, 7.2 Hz, 1H), 5.77 (dq,
]=48.9,6.9Hz, 1H), 1.67 (dd, ] =23.5, 6.9 Hz, 3H); F NMR (565 MHz, CDCls) o =- 179.83
(m); 3C NMR (151 MHz, CDCls) 5 =200.93 (d, ] = 20.0 Hz), 133.96, 133.20, 132.55, 130.50,
128.57,128.21, 12791 (d, ] = 4.4 Hz), 126.71, 125.33, 124.21, 90.69 (d, ] = 182.7 Hz), 18.20
(d, ] = 22.6 Hz); HRMS (EI) m/z calculated for CisH12FO (M)* 203.0867, found 203.0868;
HPLC separation: DAICEL CHIRALPAK® IC-3, Heptane: IPA = 99.5:0.5 mL/min; t1 =
21.0 (major), t=23.1 (minor).

0]

(S)-4-chloro-2-fluoro-1-(4-fluorophenyl)butan-1-one (2p)
0 (5)-2p was prepared according to the General Procedure starting
Cl from the substrate rac-1p (112 mg). The reaction was let stirring

T

. in ACN (0.5 M) at 40°C at 1200 rpm for 96 h. After filtration over
celite to remove KF, the product was isolated by FCC (eluent:
(S)-2p Pentane/DCM, 80/20) as a white solid, 78% yield, 68 mg, 84:16

e.r.
TH NMR (600 MHz, CDCls) d = 8.04 (m, 2H), 7.20 — 7.15 (m, 2H), 5.90 - 5.78 (m, 1H), 3.84
- 3.74 (m, 2H), 2.46 — 2.34 (m, 2H); YF NMR (565 MHz, CDCls) d = -182.82 (m); -191.94
(m); 3C NMR (151 MHz, CDCls) 8=193.94 (d, ] =18.8 Hz), 166.23 (d, ] = 256.9 Hz), 131.82
(dd, J=9.5, 4.1 Hz), 130.39, 116.12 (d, ] = 22.0 Hz), 89.94 (d, ] = 183.3 Hz), 39.96 (d, ] = 3.8
Hz), 35.10 (d, J = 21.4 Hz); HRMS (EI) m/z calculated for CioHioCIF20 (M)+ 219.0383,
found 219.0382, HPLC separation: DAICEL CHIRALPAK® ID-3, Heptane: IPA =99.2:0.8

mL/min; t1= 6.8 (major), t>=9.8 (minor).
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